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Abstract 
Bacterial foaming in the activated sludge process was first reported in 1969 and is 
still a common operational problem in many sewage treatment plants worldwide until 
now. Overpopulation ofNocardia amarae, a common foaming bacterium, was suggested 
to be the major cause of this solids separation problem. Presence of grease and oils was 
reported to lead to stimulated growth of foaming bacteria in activated sludge and cause 
bacterial foaming. 
Nocardia sp. CU-2 and Aeromonas sp. CU-1 were isolated as the major foaming 
and non-foaming bacteria in Sha Tin Sewage Treatment Works. Long-chain fatty acids, 
the primary products from hydrolysis of grease and oils, was shown to enhance foam 
heights of pure Nocardia sp. CU-2. Although stimulation in growth yields of Nocardia 
sp. CU-2 by long-chain fatty acids was not clearly shown in pure culture, higher 
competition ability of this bacterium in the presence of these fatty acids was shown. 
When both Nocardia sp. CU-2 and Aeromonas sp. CU-1 were grown in mixed culture in 
Stainer's minimal salt medium, cells of Nocardia sp. CU-2 fed with long-chain fatty 
acids nearly completely excluded Aeromonas sp. CU-1. Therefore, overpopulation of 
“ 
foaming Nocardia sp. CU-2 and bacterial foaming would occur when grease and oils was 
present in large amount. 
Better growth of nocardial cells and higher foam ratings resulted when mixed 
liquor was fed with lauric acid (C12 fatty acid) and behenic acid (C22 fatty acid), 
examples for medium-chain and long-chain fatty acids. Butyric acid (C4 fatty acid), 
which is a short-chain fatty acid, showed a very significant inhibition effect on the 
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Activated sludge Cell suspension present in the aeration tank, including 
foams and mixed liquor. 
Bacterial foam A floating layer of activated sludge on the surface of 
aeration tanks. 
Mixed liquor Activated sludge excluding the foam layer. 
Sewage It can also called as wastewater. It refers to the primary 





1.1 Objectives of sewage treatment process 
Although the composition of wastewaters vary with their sources, they contain 
approximately 40 - 60% proteins, 25 - 50% carbohydrates and around 10% grease and oils 
(Ho and Jenkins, 1991; Cloete and Muyima, 1997; Bitton, 1999). Direct discharge of these 
nutrients into water bodies always leads to water pollution. Worse still, wastewaters from 
industrial sectors like electroplating industries and dyeing industries discharge effluent 
containing toxic and recalcitrant pollutants like heavy metals and toxic organic compounds. 
Therefore, concerning the public health and sustainability of the environment, raw sewage 
needs to be treated in sewage treatment plants before its final discharge to alleviate pollution 
problems. 
1.1.1 Types of treatment 
There are mainly three types of treatment process taking place in sewage treatment 
plants: Primary, secondary and tertiary treatment. Primary treatment is a simple process. It 
involves only physical means like sedimentation, screening and filtration to remove 
suspended particles with larger sizes. Therefore, the effluent quality is not good enough for 
direct discharge. 
“ 
To improve the effluent quality, secondary treatment processes aimed at removal of 
biodegradable organic and suspended solids are necessary. Activated sludge process and 
oxidation ponds are examples. Organic matter and suspended solids are degraded by 
microorganisms to simple forms which pose no negative impacts on water bodies when 
effluent is discharged. However, some nitrogen or phosphorus containing organic matter like 
protein or urea are also being decomposed in the process, forming inorganic nitrogen or 
phosphorus compounds. If a water body receives high level of these compounds, 
eutrophication will arise. Owing to this, nutrient removal is often coupled with the secondary 
treatment processes. 
Tertiary treatment focuses on the removal of some persistent pollutants like synthetic 
dyes and pesticides. These compounds are resistant to biodegradation in secondary treatment 
1 
process. Methods like chemical coagulation, fIocculation, activated carbon adsorption, ion 
exchange and reverse osmosis can be applied. 
1.1.2 Activated sludge process 
The activated sludge process is currently the most widely used biological treatment 
process for both domestic and industrial wastewaters. It is a secondary treatment process. It 
was developed in England in 1914 by Ardem and Lockett (Tchobanogolous and Burton, 
1991). 
The activated sludge process refers to a continuous or semi-continuous (fill-and-draw) 
aerobic method for biological wastewater treatment (Fig. 1). Biological processes mainly 
include carbonaceous oxidation and nitrification (Li and Ganczarczyk, 1990; Cloete and 
Muyima, 1997). The process relies on a dense microbial population mixed in suspension 
with the wastewater under aerobic conditions. In the presence of adequate nutrients and 
oxygen, a high rate of microbial growth and respiration is achieved. This results in the 
utilization of the organic matter and the production of oxidized end products such as carbon 
dioxide, nitrate, sulphate, phosphate, etc. At the same time, there is also a biosynthesis of 
more microorganisms. Activated sludge treatment removes biodegradable organics from the 
wastewater as well as the unsettleable suspended solids and other constituents, which,can be 
adsorbed on, or entrapped by, the activated sludge floc (Chung, 1992; Cloete and Muyima, 
1997; Bitton, 1999). 
1.1.3 Functioning of activated sludge process -
Oxidation of organic matter 
This process relies on the microflora present in activated sludge, including 
decomposers and consumers. Decomposers like bacteria and fungi make up about 95% of 
the population of microflora in activated sludge (Richard, 1989; Cloete and Muyima, 1997). 
Their roles are to degrade organic contents and nutrients biochemically, and to remove or 
2 
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Fig 1. Schematic diagram showing the functioning of conventional activated sludge process 
in sewage treatment plants. 
3 
inactivate pathogens and parasites in the sewage. This process occurs mainly in aeration 
tanks. 
The other 5% of the population is consumers (Richard, 1989; Cloete and Muyima, 
1997). They utilize bacterial and other microbial cells for foods. This group belongs to the 
so-called activated sludge microfauna and consists of protozoa and microscopic metazoa. 
Protozoa are significant predators ofbacteria in activated sludge. They help to reduce 
BOD, suspended solids, and some bacteria including pathogens in effluent. Metazoa play 
their roles like rotifers to assist in floc formation and removal of freely suspended bacteria to 
improve quality of final effluent (Richard, 1989; Cloete and Muyima, 1997). 
Flocculation of suspended particles 
This process occurs mainly in secondary clarifiers. The objective of this process is to 
provide a clarified overflow (the effluent) and a thick underflow (returned activated sludge). 
The success of it heavily depends on a good balance between floc-forming and filamentous 
bacteria (Curds and Hawke, 1983). If the specialized microbial community works properly to 
form flocs in good conditions, they can settle out rapidly to provide a clear final effluent. On 
the contrary, its poor performance will result in solids separation problems. ,, 
1.2 Common microbially mediated solid separation problems 
Pin point floc, dispersed growth, slime, blanket rising, bulking and foaming are 
common solids separation problems found in sewage treatment plants (Jenkins et al., 1993). 
The causes and effects ofthese problems are summarized in Table 1. . 
1.3 Bacterial foaming 
4 
Table 1. Causes and effects ofsolids separation problems (Jenkins et al., 1993). 
Name of Causes ofproblems Effects ofproblems 
problems 
Dispersed Microorganisms do not form Turbid effluent, 
growth flocs but small clumps or 
dispersed as single cell. 
Slime (also Microorganisms are present Reduced settling and compaction rates of 
referred as with large amount of activated sludge. Virtually no solids 
non- exocellular slime. separation in severe cases, resulting in 
filamentous overflow of sludge blanket from secondary 
bulking). clarifier. In less severe cases, viscous foam 
often resulted. 
Pinpoint Small, compact, weak and Low sludge volume index (SVI) and a 
floc roughly spherical flocs are cloudy, turbid effluent resulted, 
formed. Larger ones can settle 
more rapidly. 
Bulking Filamentous organisms extend High SVI — very clear supernatant with l o w ~ 
from flocs into the bulk solution concentrations of returned and waste 
and interfere with compaction activated sludge. In severe cases, overflow 
and settling of activated sludge, of sludge blanket occurs. Solids handling 
II 
processes become hydraulically overloaded. 
Blanket Denitrification in secondary A scum of activated sludge forms on the 
rising clarifiers releases poorly soluble surface of secondary clarifiers. 
N2 gas which attaches to 
activated sludge flocs and floats , 
them to the surface. 
Foaming Caused by non-degradable Foams float large amounts of activated 
surfactants or presence of some sludge solids to surface of treatment units, 
filamentous bacteria like causing a lot ofhygienic or operation 
Nocardia sp. or Microthrix problems discussed in Section 1.9. 
parvicella 
5 
Foaming is one of the major microbiological solids separation problems experienced 
in activated sludge plants (Soddell and Seviour, 1990). It involves the outgrowth of 
filamentous bacteria as persistent viscous brown foam on the surface of the mixed liquor in 
aeration tanks and secondary clarifiers (Lechevalier and Lechevalier, 1974). 
The formation of stable biological foam on the surface of aeration tanks in activated 
sludge process was first described at the Jones Island Wastewater Treatment Plant, 
Milwaukee, Wisconsin in 1969 (Anon, 1969). It is a heavy, brown and viscous bacterial 
foam covering entire surface of aeration tanks (Fig, 2). 
The occurrence of this bacterial foam has been reported worldwide, including 
Australia (Blackall et al., 1988; Blackall et al., 1991a; Seviour et al, 1990)，England (Tricker 
and Thorpe, 1979; Goddard and Forster, 1986), France (Reinbold, 1982; Pujol et al, 1991), 
Germany and Switzerland (Lemmer and Kroppenstedt, 1984)，Hong Kong (Wong and 
Chung, 1993a，1993b; Chua and Le, 1994)，Japan (Hiraoka and Tsumura, 1984; Wang, 
1994), South Africa (Hart, 1985; Blackbeard et al, 1986) and the United States (Lechevalier, 
1975; Sezgin and Karr, 1986; Pitt and Jenkins, 1990). 
1.4 Factors enhancing foam production 
“ 
Most studies support the view that the cause ofbacterial foaming in sewage treatment 
plants is comprehensive. Not a single operation or design feature of a plant was found to be 
the only cause of bacterial foaming. Substrates in sewage, operation parameters and 
overpopulation of filamentous actinomycetes were all considered to enhance foam 
production. . 
1.4.1 Substrates present in sewage 
Occurrence of foaming was thought to be related to several types of hydrophobic 
organic matter like grease and oils and fatty acids with longer chain lengths (Eikelboom, 
1975; Pipes, 1978; Ligthelm, 1986; Richard, 1989; Goddard and Forster, 1986; Mendoza-
6 
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Fig. 2. Brown and viscous bacterial foam reported from a sewage treatment plant in Hong Kong. 
7 
Espinosa and Stephenson, 1996), surface active matter (Chua and Le, 1994) and surfactants 
(Lemmer and Kroppenstedt, 1984; Ho and Jenkins, 1991; Chua et al., 1996). 
There are always significant differences in the concentrations of these substances 
between foaming and non-foaming conditions in the same plant (Richard, 1989; Ho and 
Jenkins, 1991). It may because these substrates take part in foam formation by themselves or 
provide nutrients selectively available to the foam forming microorganisms in the activated 
sludge. 
1.4.2 Operating conditions 
Foaming problems appeared more pronounced during periods with higher 
temperatures (Lechevalier and Lechevalier, 1974; Pipes, 1978; Sakai et al., 1983; Lemmer 
and Kroppenstedt, 1984; Pitt and Jenkins, 1990; Chua and Le, 1994)，longer mean cell 
residence times (MCRTs) (Pitt and Jenkins, 1990; Cha et al, 1992; Chua and Le, 1994)， 
longer sludge age (Pipes, 1978)，higher solids content (Wheeler and Rule, 1980; Jenkins et 
al, 1984; Blackall, 1987), lower food:microorganism (F:M) ratios (Pitt and Jenkins, 1990; 
Cha et al., 1992; Chua and Le, 1994) and higher aeration rates (Cha et al, 1992) that increase 
the dissolved oxygen (DO) content of aeration tanks (Nelson, 1979; Blackall, 1987). 
n 
1.4.3 Overpopulation of foaming bacteria 
Several studies (Wheeler and Rule, 1980; Vega-Rodriquez, 1983; Blackall, 1987; Ho 
and Jenkins, 1991) have shown that the presence of foaming bacteria in mixed liquor is a 
must for bacterial foaming. Removal of cells from mixed liquor made the resultant foam 
collapse more readily (Lechevalier, 1975). Vega-Rodriquez (1983) also reported a 
proportional relationship between the amount of foam produced and the number of nocardial 
cells added. Besides, foaming has also been reported in anaerobic digesters when sludge 
containing Nocardia spp. was fed (Sezgin and Karr 1986; van Niekerk et al, 1987). 
When considering the above-mentioned factors enhancing foaming, most are related 
to the growth of the foaming bacteria. For example, higher aeration rates and temperatures 
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both favored the growth of most foaming bacteria (Chung, 1992). Also, most of these foam 
formers are slow growers (Soddell and Seviour, 1990; Jenkins et al., 1993). Longer sludge 
age and longer MCRT prevent them being washed out before establishing a population in the 
activated sludge. Therefore, it is not strange that the substrates and operating conditions 
mentioned in 1.4.1 and 1.4.2 are actually affecting the growth of foaming bacteria which will 
lead to foaming when overgrow. 
Then, what are the major types of bacteria were reported to be related to bacterial 
foam production and what characteristics they should have to enhance this foam? 
1.5 Bacteria reported for foaming 
1.5.1 Foaming bacteria reported in different countries 
Lechevalier and Lechevalier (1974) first isolated Nocardia amarae (now classified as 
Gordonia amarae) as the major causative foaming bacterium in activated sludge process. 
From then, a number of actinomycetes were isolated as the predominant foaming 
microorganisms in different sewage treatment plants worldwide. These include Nocardia 
amarae, Nocardia pinensis, Nocardia asteroides, Nocardia caviae, some Nocardia amarae-
like bacteria, Nostocoida limicola, Rhodococcus rhodochrous, Rhodococcus rubra, 
Microthrix parvicella, Micromonospora sp., Actinomadura sp. and Streptomyces sp. 
•‘ 
(Lechevalier and Lechevalier, 1974; Dhaliwal, 1979; Sakai et al., 1983; Lemmer and 
Kroppenstedt, 1984; Blackbeard et al., 1986; Hiraoka and Tsumura, 1986; Blackall et al., 
1988; Blackall et al, 1989，1995; Fahmy and Hao, 1990; Pitt and Jenkins, 1990; Seviour et 
al., 1990; Forster, 1992; Pujol et al., 1991; Chung, 1992; Eikelboom, 1993; Chua and Le, 
1994; Soddell and Seviour, 1994; Wanner, 1994; Hwang and Tanaka, 1998). . 
Among these, Nocardia amarae and other Nocardia spp. have been isolated 
repeatedly as the major component of the foam community in United States, Australia and 
Japan (Dhaliwal, 1979; Sakai et al., 1983; Hiraoka and Tsumura, 1984; Blackall et al, 1988) 
while in European countries like France and England, Rhodococcus rhodochrous and 
Microthrix parvicella were reported to be the dominant actinomycetes in foam (Lemmer and 
Kroppenstedt，1984; Foot et al., 1992). 
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1.5.2 Nocardia biology 
Nocardia spp., are aerobic, Gram-positive actinomycetes having cell wall with 
chemotype IV (Cummins and Harris, 1956, 1958; Lechevalier and Lechevalier, 1970; 
Lechevalier et al., 1971). This type is characterized by the presence of mycolic acids (C46 -
60) and major amounts of straight chain and unsaturated fatty acids. They have Gram-
positive and highly branched filaments of 0.5 - 1.0 by 80 - 160 microns (Chung, 1992; Chua 
and Le, 1994). 
Nocardia species produce smooth or rough and much folded colonies. These are 
either of a soft or dough-like consistency, or compact and leathery, especially in early stages 
of growth (Waksman, 1967; Lechevalier, 1986; Chung, 1992). Surfaces of these colonies are 
smooth, folded, or wrinkled. Typical Nocardia spp. never form an aerial mycelium, but there 
are cultures whose colonies are covered with a thin coating of short aerial hyphae which 
break up into cylindrical oidiospores (Soddell and Seviour, 1990). 
Most Nocardia species grow readily on a variety of media containing simple nitrogen 
sources such as ammonium, nitrate and amino acids as well as on more complex ones like 
casein, meat, soy or yeast peptones and hydrolysates (Lechevalier, 1986). Glucose, acetate 
and propionate are good carbon sources also. All Nocardia species will grow in temperature 
/< 
range of 15 - 37°C; many will grow at higher or lower temperatures. It is a slow growing 
species with appreciably longer doubling time than other bacteria (Lechevalier, 1986). A 
generation time of 5.5 hours has been reported for certain Nocardia asteroides and Nocardia 
hrasiliensis strains. Some strains even grow to stationary phase in 3 - 7 days (Bitton, 1999). 
One of the common characteristics of Nocardia species is their ability to utilize 
hydrophobic organic substrates like alkanes (Blackbeard et al, 1986; Blackall et aL, 1988) 
and grease and oils (Wong and Chung, 1993a; Chua and Le, 1994; Cloete and Muyima, 
1997) as their energy sources. This not only help them to prevent the direct competition for 
readily accessible substrates with other fast growing species, but also a suggested reason for 
their highly hydrophobic cell wall. The following sections describe the mechanism for them 
to break down the hydrophobic substrates and the importance for these substrates in foam 
formation. 
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1.6 Metaboilsm of hydrophobic substances in sewage 
1.6.1 Metabolism of alkanes 
Breakdown of aliphatic hydrocarbons (R-CH2-CH3) gives fatty acids (Raymond and 
Davis, 1960). Alkanes are first converted to alcohols (R-CH2-CH2-OH) and then fatty acids 
and subsequently undergo P - o x i d a t i o n (Doelle, 1994). 
Most frequently the initial attack is at the terminal methyl group. It forms a primary 
alcohol that, in turn, is further oxidized to an aldehyde (R-CH2-CHO) and a fatty acid (R-
CH2-COOH) (Asselineau, 1962; Gmlois etal., 1992). 
R-CH2-CH3 + O2 + NADPH2 > R-CH2-CH2-OH + NADP + H2O 
R-CH2-CH2-OH > R-CH2-CHO 
-2H+ 
R-CH2-CHO > R-CH2-COOH 
-2H', + H20 
1.6.2 Metabolism of grease and oils 
“ 
For grease and oils, hydrolysis is carried out by various lipases outside the cell, 
resulting in production of glycerol and free fatty acids, which are then transported into the 
cell for P - o x i d a t i o n (Asselineau, 1962; Grulois et aL, 1992). 
The long-chain fatty acid is converted to its acyl-coenzyme A form \R-CH2-CH2-
CH2-CO-CoA) and is acted upon by a series of enzymes. An acetyl-CoA group (CH3-CO-
CoA) is cleaved offand the fatty acid is shortened by a two-carbon unit. Complete cleavage 
of this fatty acid is done by repetition of this sequence. The acetyl-CoA units are converted 
to CO2 through the tricarboxylic acid (TCA) cycle (Asselineau, 1962; Grulois et al., 1992). 
The process was summarized in Fig. 3. 
1.6.3 Functions of lipids in the formation ofbacterial foam 
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Wong and Chung (1993b) summarized the roles of lipids in foam formation into four 
categories listed below. 
1. Lipids can act as a specific substrate for foaming bacteria and thus stimulate their 
massive growth in activated sludge (Lemmer, 1986; Goddard and Forster, 1987); 
2. They can support the transport of foaming bacteria to air-water interface (Pipes, 
1978); 
3. They also enhance the competency of foaming bacteria for a particular substrate, 
especially hydrophobic one, available in sewage (Webley, 1954; Cooper and 
Zajic, 1980); 
4. Lipids will increase the hydrophobicities of cell walls of foaming bacteria 
(MacDonald et al., 1981; Soddell and Seviour, 1990; Ho and Jenkins, 1991). 
1.7 Competition between floc-formers and foam-formers 
1.7.1 Interactions between microbial populations in activated sludge process 
Microorganisms rarely exist in isolation. On the contrary, numerous microbial 
populations of different types often coexist with each other. There is an interactive 
association between microorganisms, called a consortium, that results in combined metabolic 
activities (Bitton, 1999). These microbial populations interact within a community,,and lead 
to a stable functional community through different interactions (Cloete and Muyima, 1997). 
Some adversely influence others and can even lead to their exclusion from the community 
while some interactions are beneficial so that multiple microbial populations can live 
together at a particular location (Cloete and Muyima, 1997). Activated sludge can be quoted 
as an example for these complicated relationships. . 
Activated sludge can be understood as an artificial ecosystem under the continuous 
influence of abiotic and biotic factors. Because of the necessity to reach rather low effluent 
concentrations of organic compounds and inorganic nutrients, the activated sludge is 
cultivated under nutrient-limiting conditions. This fact leads to a strong competition between 
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convert to CO2 
in TCA cycle 
Fig. 3. Schematic diagram showing the degradation of long-chain fatty acid by P - o x i d a t i o n . 
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influencing factors are not constant in wastewater treatment plants, the winners dominating 
the activated sludge population, can change. There are mainly four interactions between 
microbial populations, including commensalism and co-metabolism, synergism and 
consortia, competition and predation. 
Commensalism and co-metabolism 
In this interaction, one population benefits and the other remains unaffected (Beam 
and Perry, 1974; Cloete and Muyima, 1997). One suggested reason is that when an organism 
grows on a particular substrate, it will produce a product which cannot be utilized by itself. 
Another population can take this advantage and use it as nutrient and energy source. 
This interaction plays an important role in the biodegradation of alicyclic 
hycrocarbons (Perry, 1984; Trudgill, 1984). For example, Mycobacterium vaccae is able to 
co-metabolize cyclohexane with some other bacteria. It can oxidize the cyclohexane to 
cyclohexanol, which other bacterial populations can utilize as energy source (Beam and 
Perry, 1974). 
Synergism and consortia „ 
Synergism occurs when two populations cooperate so that both populations benefit. 
Sometimes a consortium of two or more populations cooperate in this manner and supply 
each other the nutritional needs (Sorkhoh et al., 1995). Synergism helps microorganisms to 
accomplish each other in the biodegradation of various organic compounds that cannot be 
biodegraded readily by a single microbial population. 
Cyclohexane can be degraded, for example, by a mixed population of Nocardia sp. 
and Pseudomonas sp., but not either alone (Slater, 1978). The relationship is based on the 
ability of the Nocardia sp. to metabolize cyclohexane, forming products that feed the 
Pseudomonas sp. The Pseudomonas sp., on the other hand, produces biotin and growth 
factors for the growth of the Nocardia species. 
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Competition 
Competition for available substrates is a main driving force that determines 
community structure and the diversity of biological populations in a consortium. In theory, 
competition will eliminate all but one of the populations competing for an identical substrate. 
In some cases, however, microorganisms that utilize the same substrate coexist because of 
spatial separation within microhabitats or different affinities for substrates at its varying 
concentrations (Cloete and Muyima, 1997). 
Often, a well-adapted population will become dominant in a consortium, especially 
under stable environmental conditions. Greater diversity is favored by unstable (fluctuating) 
environmental conditions (Atlas, 1997). Under conditions of abundant substrate supply, 
rapidly growing microorganisms usually become the dominant populations. This is true in 
sewage treatment facilities when there is a rich supply of organic substrates favoring the 
growth of rapidly dividing bacteria such as coliforms and pseudomonads (Gujer and 
Kappeler, 1992). However, these fast growing microbial populations are also rapidly 
displaced when the concentrations of organic compounds diminish owing to decomposition 
and dilution. In such lower nutrient conditions, a more diverse community of slowly growing 
bacteria like filamentous actinomycetes is favored (Baumann et aL, 1988). 
II 
Predation 
Some of the microorganisms involved in the decomposition of organic compounds 
within communities are themselves the substrates (prey) for other organisms. In the activated 
sludge process, many of the bacterial populations that degrade the organic compounds in 
wastewater are consumed by protozoa (Bitton, 1999). 
1.7.2 Monod relationship and kinetic selection 
The coexistence of both fast growing floc formers and slow growing foam formers 
could be speculated by kinetic selection based on the Monod relationship (Monod, 1942). 
This relationship can be explained by the following equation. 
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^ = "^maxS/(Ks + S) 
where the specific growth rate, ^^  is proportional to the substrate concentration, S, until it 
reaches a maximum specific growth rate, ^^ max. The saturation constant, Ks, is defined as the 
substrate concentration at which the specific growth rate, ^, is half of ^^nm. It can affect the 
efficiency of conversion of a substrate to biomass and has a role in determining the outcome 
of microbial competition (Owens and Legan, 1987). 
Studies (Chudoba et al., 1973; Lemmer, 1986) speculated the growth strategies of 
foaming microorganisms based on Ks values. They proposed that some organisms use a Ks-
strategy characterized by a high substrate uptake efficiency at low substrate concentrations, 
low Ks values and relatively low cell yield. Some others use ^^max-st^ ategy resulting in high 
biomass production and high growth rates and Ks. They suggested that foam forming 
actinomycetes can switch between the two strategies. In normal conditions, actinomycetes 
use Ks-strategy to avoid direct competition for readily available substances with fast growing 
floc formers. They degraded more complex nutrients to build up a stable population of 
actinomycetes. However, when an adequate supply of readily utilizable substrate becomes 
available, these actinomycetes then switch to ^^max-strategy and produce large amounts of 
biomass and cause bacterial foaming. 
$1 
However, this hypothesis was challenged by other researchers (Stephanopoulos and 
Fredrickson, 1979; Harris, 1982; Andrews and Harris, 1986). First, it requires organisms to 
develop different sets of enzymes to compete in different environments, which, according to 
i 
the r/K postulate, is unlikely to be true (Andrews and Harris, 1986). Second, the energy 
required to operate enzymes capable ofboth fast and slow catalysis would be very high. As 
energy is a major growth-limiting factor, an organism is unlikely to be capable ofproducing 
and operating enzymes with both fast and slow activities (Harris, 1982). Moreover, this 
theory also assumes that when two organisms compete for a single substrate, the one with a 
higher growth rate will predominate. However, Stephanopoulos and Fredrickson (1979) 
suggested that in any non-homogenous environment, microbial competitors can co-exist 
through the provision of sub-environments where each of the competing populations has a 
competitive advantage over the others. Activated sludge, particularly through floc formation, 
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would produce many such microenvironments that allow organisms with quite different 
requirements to co-exist. 
1.7.3 Effects of grease and oils in dominance of foaming bacteria 
Lechevalier and Lechevalier (1974) and Lemmer and Kroppenstedt (1984) showed 
that different genera of nocardioform share some similar biological traits. They need high 
substrate concentrations for the productions of a biomass comparable with that found in 
foaming sludge. These concentrations, expressed as biological oxygen demand (BOD) are up 
to 100-fold higher than a usual primary effluent BOD of 100 - 200 mg/L (Segerer, 1984). 
Moreover, they have a relatively long generation time compared to activated sludge floc 
formers (Lemmer, 1985). How can they then dominate the floc formers in activated sludge 
during bacterial foaming? The answer may be due to their versatility in their substrate 
demands. 
Grease and oils is not an easily accessible nutrient (Eilersen et al” 1994). Therefore, 
they are not a good carbon source for most microbes, especially those fast growing floc 
formers. These floc formers usually prefer more readily biodegradable substrates like 
monosaccharides, alcohols and amino acids. On the other hand, growth of slow growing 
foam formers has frequently been reported to be favored by grease and oils. “ 
In pilot plant studies, growth of actinomycetes was encouraged when vegetable oils 
(Blackbeard et al, 1986; Blackall et al., 1988; Bendt et al., 1989), grease and oils, and fatty 
acids (Eikelboom, 1975; Pipes, 1978; Lemmer, 1986; Goddard and Forster, 1987; Balfours 
International (Asia) Consulting Engineers, 1991; Forster, 1992; Jenkins et al:, 1993; Chua 
and Le, 1994) were fed. 
Rhodococcus opacus (Webley, 1954), Rhodococcus rubra (Khan and Forster, 1991) 
and Rhodococcus erythropolis (Kurane et al., 1986) all resulted in greater growth yields on 
longer fatty acids, Tween 80 and many vegetable oils. 
Microthrix parvicella was also shown to have the ability to accumulate long chain 
fatty acids to favor its competition for substrates in activated sludge (Slijkhuis et al., 1984). 
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And the most commonly found foam former, Nocardia amarae, could also grow on cooking 
oil or fatty acids as sole carbon and energy sources (Blackall et al., 1991c). 
The presence of high levels of emulsifiable fatty material (oil and grease) has also 
been associated with nocardial growth in activated sludge (Eikelboom, 1975; Pipes, 1978; 
Ligthelm, 1986; Lemmer and Baumann, 1988; Richard, 1989; Chung, 1992; Wong and 
Chung, 1993a; Chua and Le, 1994; Chua et al, 1996). 
With low nutrient level, sewage already provides a good competitive environment for 
the coexistence of floc formers and foam formers. When concentration of grease and oils in 
raw sewage increases, they will be more selectively available to the foam formers, leading to 
an increasing population of these bacteria. 
1.8 Suggested mechanisms for bacterial foaming 
1.8.1 Mechanism suggested in early stage 
Slijkhuis (1983) has suggested that the low density of grease and oils, in relation to 
water, causes them and also some hydrophobic bacteria to rise to the surface ofmixed liquor 
(Eikelboom, 1982). Alternatively, branched hyphae ofnocardioform form a net between the 
sludge flocs. This net can trap grease and oil droplets or gas bubbles, making the sludge float 
to the surface (Pipes, 1978; Tricker and Thorpe, 1979). 
However, Lemmer (1986) discounted this theory by calculating that the buoyancy of 
the sludge was caused by gas bubbles rather than a build up of lipid materials in cells 
entrapping grease particles. Recent work (Honda et aL, 1983; Lemmer, 1986;Pretorius and 
Laubscher, 1987; Blackall, 1987; Blackall et al, 1988) also favored theories of selective 
enrichment of micro-organisms in foam by flotation. 
1.8.2 Froth flotation theory 
Here is a brief summary of this mechanism (Soddell and Seviour, 1990). Foam is 
produced when a gas is introduced into a liquid, which expands to enclose that gas and so 
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results in a more or less stable bubble structure whose wall is a liquid film (Rosen, 1978). 
The bubble wall needs to be elastic and this can be achieved by the presence of a surfactant 
that reduces its surface tension (Rosen, 1978). If a foam is to persist, then loss of liquid 
through drainage must be retarded, and this can be achieved by the presence of solid particles 
(Leja, 1982). These particles must be small (less than 300 ^½!) so that they can be levitated 
by the buoyancy of the bubbles. Moreover, for a particle to be floated by a bubble, its surface 
must be hydrophobic so there is an adhesion between the particle and the bubble (Dahlback et 
al, 1981; Leja, 1982). This can also be assisted by an appropriate surfactant. Therefore, if 
this model is to apply to foam formation in an activated sludge plant, gas bubbles, 
hydrophobic particles and surfactants need to be present for flotation to occur. How are these 
supplied in an activated sludge plant? 
Gas bubbles 
Gas bubbles are continuously produced by aeration in aeration tanks and also 
respiration of microorganisms in the activated sludge (Soddell and Seviour, 1990). 
Hydrophobic particles 
•• 
One of the basic requirements for the flotation separation of the solid phase in a 
suspension (e.g. by dissolved air flotation or froth flotation) is that the solid should have a 
hydrophobic surface. If the nature changes from hydrophobic to hydrophilic, the solid will 
not become attached to bubbles and will not enter the foam (Blackall et al., 1988). 
Based on the studies of Cummins and Harris (1956, 1958), and Lechevalier and 
Lechevalier (1970)，the concept of using cell wall types for actinomycete taxonomy was 
introduced. They found that most actinomycetes (including Nocardia, Rhodococcus and 
Mycobacteium) associated with foam problems belonged to Type IV. These cell walls 
contain major amounts of meso-diaminopimelic acid, arabinose and galactose as well as 
certain amounts of straight chain, unsaturated and 10-methyl (tuberculostearic) fatty acids 
and mycolic acids with 46-60 carbons. The presence of fatty acids and mycolic acids 
accounts for the high hydrophobicity o f the cell wall of actinomycetes. 
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The high hydrophobicity of cells of foam formers can be shown more clearly by 
comparing the cell wall of a foam former with a non-foaming one. The foaming Nocarida 
amarae contained a much larger quantity of unsaturated fatty acids like C18:l (25.28%) and 
C16:l (15.06%) when compared with a non-foaming E-coli having only C18:l (16.7%) and 
C16:l (5.22%). The high degree of unsaturation in Nocardia sp. could confer considerable 
hydrophobicity on the bacterial cells and hence enable them to enter via the bubble lamella 
and stabilize the foams (MacDonald et aL, 1981; Soddell and Seviour, 1990; Ho and Jenkins, 
1991) 
Blackall (1987) also found that even when Nocardia amarae was grown on non-
hydrophobic carbon sources, more than 90% of cells would partitioned into the hydrocarbon 
phase in the hydrocarbon affinity test (Rosenberg et al., 1980). This also showed the 
hydrophobic nature ofcell wall of Nocardia amarae. 
Surfactant production 
To stabilize the foam produced, surfactants, either produced by the microorganisms 
itself or obtained from other sources, must be present. These surfactants can reduce the 
surface tension of the culture and stick the hydrophobic particles and bubbles together. 
Therefore, when foam is present, the surface tension of the mixed liquor solids is' reduced 
significantly (Goddard and Forster, 1986). 
Lechevalier (1975) was the first to show that Nocardia amarae grown in a medium 
containing glucose as a carbon source could reduce surface tension. This probably resulted 
from the production of some surface-active agents, possibly a cytoplasmic protein or a 'soap' 
derived from cell lipids. The production of these biosurfactants by Nocardia spp. is well 
documented (Margaritis et al., 1979; MacDonald et aL, 1981; Caims et al., 1982; Goddard 
and Forster, 1986; Khan and Forster, 1988). Some other studies have shown that with more 
hydrophobic chemicals like hexadecane, the reduction in surface tension was even greater 
(Akit et al, 1981; Ramsay et al, 1983;Blackall, 1987). 
Blackall and Marshall (1989) further proved the necessity of surfactants in bacterial 
foaming. They reported that repeated washing of the culture resulted in a progressive 
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increase in surface tension (from 50 to 70 mN/m) and a dramatic reduction in foam stability. 
This was due to the removal of the surfactants by the washing process. 
1.9 Problems from foaming 
Occurrence of the brown, viscous bacterial foaming has resulted in various hygienic, 
health and operational problems in sewage treatment plants. (Pantano and Watts, 1984; 
Blackall et al., 1985; Sezgin and Karr, 1986; Lemmer and Baumann, 1988; Pitt, 1988; Pitt 
and Jenkins, 1990; Soddell and Seviour, 1990; Chung, 1992; Chua and Le, 1994; Chua et al. 
1996) 
When the viscous bacterial foam builds up, it produces nuisance odors (Blackall et al, 
1985; Lemmer and Baumann, 1988; Pitt and Jenkins, 1990; Chung, 1992; Chua et al., 1996). 
In severe conditions, the foam can be several meters high and even overflow the surrounding 
walls of aeration tanks to the pathways, causing some hygienic problems (Sezgin and Karr, 
1986; Lemmer and Baumann, 1988; Pitt and Jenkins, 1990; Soddell and Seviour, 1990; 
Chung, 1992). 
Also, health problems are resulted from some pathogenic filamentous foam-causing 
bacteria like Nocardia species (Sezgin and Karr, 1986; Lemmer and Baumann, 1988; Chung, 
1992). They can be carried away and dispersed in wind blown scum to infect human beings. 
Besides, foaming also poses a lot of operational problems to sewage treatment plants. 
It causes problems in the operation of anaerobic digesters (Sezgin and Karr, 1986; Chung, 
1992). Also, when foam migrates to the secondary clarifier, it will clog the fldw of effluent 
or pass out with it. This will finally increase BOD and suspended solids concentration of the 
final effluent, resulting in a reduction of effluent quality and also the efficiency of activated 
sludge process (Blackall et al, 1985; Soddell and Seviour, 1990; Chung, 1992; Chua et al, 
1996). Moreover, the loss of suspended solids in aeration tanks reduces the amount of 
returned activated sludge available in the sewage treatment plants. This increases the cost for 
the operation of activated sludge process (Blackall et al., 1985; Lemmer and Baumann, 1988; 
Pitt and Jenkins, 1990; Soddell and Seviour, 1990; Chung, 1992; Chua et al., 1996). 
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1.10 Control of filamentous bacterial foaming 
In order to alleviate the problems caused by foaming, many methods have been 
suggested. However, only some of them showed a bit progress and arguments always 
occurred when different researchers have different results. None of them can completely 
solve this problem. 
Reducing sludge age 
Most foam-causing agents like Nocardia sp. are slow growing species. Therefore, 
frequent replacement of activated sludge may help to maintain these organisms in low level 
and so prevent foaming. Reducing the mean cell residence time (MCRT) was suggested can 
reduce foam intensity (Pipes, 1978; Greenfield et al, 1985; Goddard and Forster, 1987). 
However, conflicting results like operating at lower sludge ages without elimination of any 
foam was also reported (Lemmer and Popp, 1982; Segerer, 1984; Sezgin and Karr, 1986; 
Gasser, 1987). 
Reduction of aeration and dissolved oxygen content 
“ 
Most foaming bacteria are strict aerobes. Therefore, Sezgin and Karr (1986) and 
Gasser (1987) suggested that reducing dissolved oxygen content in the system can hinder the 
growth of these organisms. This can be done by shutting down the aerators for some periods. 
This caused a drop in dissolved oxygen content which favors the growth of floc-forming 
bacteria at the expense of filamentous foaming ones. ‘ 
Nelson (1979) also reported reduction, but not complete elimination of foaming by 
intermittent operation of aerators. However, Slijkhuis and Deinema (1982) reported 
contradictory results that an anoxic mixing zone prior to the aeration zone would not control 
Microthrix parvicella. Contradictorily, an increase in oxygen concentration in the aeration 
tank could reduce growth of this bacterium. 
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Adding supernatant fluid from anaerobic digesters 
An early comparison of foaming and non-foaming plants showed only minor 
variations in the differences in loading rate and other activated sludge parameters. But when 
comparing their manner in disposal of supematant fluid from anaerobic digesters, a 
significant difference was known (Lechevalier, 1975). 
In non-foaming plants, the supematant was returned to primary treatment units 
without any treatment. While in the foaming plants, it was diverted from the treatment 
facility. These observations led to trials in four plants to determine if the addition of 
anaerobic digester supematant fluid could eliminate foaming (Lechevalier et al., 1977), but 
success was achieved in only two of them. They suggested that there are some substances in 
the supematant specifically toxic to nocardioforms and therefore eliminate foaming by killing 
these foam causative agents. However, unsatisfactory results were obtained when some other 
plants tried this method (Wheeler and Rule, 1980; Genetelli and Genetelli，1983; Blackall et 
al, 1985; Blackall, 1987). Hao et al (1988) also suggested that claims for a specific 
nocardiotoxic agent in anaerobic supematant fluids are unfounded since foaming is now 
occurring in anaerobic digesters also (Sezgin and Karr, 1986; van Niekerk et al., 1987). He 
claimed that the successful control could be explained in terms of competition for nutrients 
by other organisms introduced with the supematant fluid. 
“ 
Adding microorganisms 
The population of a bacterium can be controlled by other organisms by means of 
predation or competition. Lechevalier (1975) described a number ofstrains thaf showed anti-
nocardial activity, including a protozoan Colpoda, a bacteria strain labeled LB4, and an 
uncharacterized soil isolate, 100-9, which either inhibited or lysed Nocardia amarae. 
However, Wheeler and Rule (1980) further investigated the addition of organisms with 
predatory or antagonistic properties, after several trials, including Colpoda sp., Pseudomonas 
aeruginosa and LB4, none had any effect on Nocardia spp. in activated sludge. 
Another example by Saunders (1985a, 1985b) suggested that filamentous 
microorganisms in waste treatment plants could be controlled by a commercial product, 
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Biolyte MX10. This mixture contains unspecified nutrients, free enzymes (cellulases, 
hemicellulases, amylases and lipases) and 14 unnamed bacteria. It was designed to allow 
establishment of a new microbial community in the activated sludge to suppress the more 
slowly growing filamentous ones. However, Goddard and Forster (1986) claimed that the 
process did not always function well. He reported that 25 days after its addition, abundant 
foam was still present. Moreover, for the days without foam, similar observation was made 
in an identical plant run in parallel without the addition of any commercial mixture, 
suggesting the application of that product may not be the main reason for the disappearance 
of foam. 
Chemicals addition -
Chlorination of returned activated sludge (RAS) or the foam surface (Hong et al, 
1984; Neethling et al., 1985; Wong and Chung, 1993a) was a common method to control 
foam. As chlorine is a disinfectant, it can reduce the abundance of the foaming bacteria in 
aeration tanks. However, the high chlorine dose required always causes floc break-up 
(Richards et al, 1990) and may inhibit both nitrification and organic matter removal. 
Dosing of a polyacrylamide cationic polymer was indicated to be effective in foam 
control. Foam coverage decreased from 85 % to 16 % in one month and Nocardia count 
dropped from 78 x 10^ to 33 x 10^ intersections / g of volatile suspended solids (Shao et al, 
1997). 
Addition of some other chemicals including nutrients or filament-suppressing 
chemicals like hydrogen peroxide (Albertson, 1989; Wu et al., 1993), detergents (Yaguchi et 
aL, 1991; Kitatsuji et al,, 1996) and some colloidal, hydrophilic clay particles (Blackall and 
Marshall, 1989) also showed some progress. 
Physical methods 
Water sprays is a common method that physically breaks up foam with the force of 
impingement. However, most reports have confirmed that spraying with water or mixed 
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liquor (Pitman, 1984) may be useful against light foams, but are ineffective against the more 
stable nocardial foams (Tricker and Thorpe, 1979; Hoffmaster, 1981; Nelson, 1981; Hiraoka 
and Tsumura, 1984; Jenkins et al., 1984;Blackall et al., 1991b). 
A foam breaking system based on shearing the foam and bubbles was effective and 
relatively cheap to operate (Ng and GutieiTez, 1977), but there was a tendency for it to 
slightly increase foaming conditions in downstream aeration tanks (Hoffmaster, 1981). 
Ludwig (1981) was also able to control heavy foam with a foam splitting system, but was 
unable to completely eliminate it. 
Change in mode of aeration was also proved to be successful in controlling foam by 
changing the degree of turbulence in mixed liquor (Gasser, 1987). Design configuration 
assisted by aeration mode produces some specific hydraulic flow patterns: Regions of low 
turbulence showed certain degree of foam accumulation while regions of high turbulence 
with no foam formed (Blackall et al., 1991b). 
Grease trap was suggested to be another physical means to prevent foam. As grease 
and oils was suggested to be one of the major causes for bacterial foaming, installation of 
these traps can help to decrease the amount of grease and oils in sewage influent (Slijkhuis 
and Deinema, 1982). Therefore, growth of foaming actinomycetes was not stimulated and 
the problem of foaming could be solved. “ 
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2. Objectives of the study 
Bacterial foaming is a troublesome operational problem in sewage treatment plant. 
This problem was first found about thirty years ago. However, no method was found to be 
capable of completely solving this problem until now. Therefore, bacterial foaming was still 
a great burden on the operation and running cost of sewage treatment plants worldwide. 
In densely populated city like Hong Kong, proper sewage treatment is one of the 
important factors in pollution prevention. With a population of nearly seven million, sewage 
treatment plants in Hong Kong has already faced huge pressure in sewage treatment. 
Operational problems like bacterial foaming in sewage treatment plants will further worsen 
the case. In order to set up ways to control this problem, the root cause ofbacterial foaming 
must be identified. 
Grease and oils has been repeatedly reported to enhance bacterial foaming. It was 
suggested that these fatty materials could stimulate the outgrowth of some foam-causing 
microorganisms in the activated sludge. Also, when culturing the foam causing 
microorganisms in these hydrophobic substrates, some characteristics of them like 
hydrophobicity would increase and making them more favorable for foam formation. The 
present study aimed at finding out how fatty acids with different carbon chain lengths affect 
If 
the growth and abundance of these foaming microorganisms in activated sludge. 
•> 
26 
3. Materials and Methods 
3.1 Sample collection 
Samples were collected from the Sha Tin Sewage Treatment Works which serves the 
Sha Tin New Town, the Ma On Shan New Town and the surrounding villages. It treats 
150.000 m^ sewage per day that is equivalent to public discharge of population of 369,512 
(statistics from Drainage Service Department, 1998). 
Foam, mixed liquor (ML) and returned activated sludge (RAS) were collected at the 
aeration tanks and primary settled sewage (SS) was collected from primary sedimentation 
tanks. The locations for collection were shown in Fig. 4. -
Foam and ML were collected for the isolation of major foaming and non-foaming 
bacteria respectively. Each sample was collected once by sterilized lL Duran bottles in every 
sampling. Five samplings were performed at about 10:00am during the period of August 
1997 to February 1998. As different bacteria have their unique optimum temperatures for 
growth, samples were also collected in June 1998’ November 1998 and April 1999 to observe 
any seasonal changes in the dominance of the isolated bacteria in the population. 
RAS and SS samples were collected for the determination of the effects of fatty acids 
•• 
on the growth of foaming and non-foaming bacteria in pure and mixed population. RAS was 
collected by lL Duran bottle while SS was sampled by using 20 L blue plastic bottles. 
All collected samples were transported back to laboratory at room temperature for 
tests within one hour. No pre-treatment or preservation was done. All samples were used 
immediately and any excess collected was discarded. 
3.2 Isolation of major foaming and non-foaming bacteria 
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Source 
Foam occurring on the surface of aeration tanks was used for the isolation. From the 
theory of froth flotation, foaming bacteria were usually carried to the air-water interface by 
bubbles to form stable bacterial foam (Soddell and Seviour, 1990). As a result, the 
probability ofisolating the major foaming bacteria from bacterial foam is the highest. 
Medium 
Yeast glucose (YG) agar was used. Its composition (w/v) was 1 % D-glucose (Sigma 
Chemicals), 1 % yeast extract (Oxoid) and 1.5 % agar (bacteriological grade, BCH Medical 
Supplies Co.) in tap water. The medium was adjusted to pH 7 by adding O.lM hydrochloric 
acid or sodium hydroxide solution. 
b. Methods 
Methods for the isolation process were modified from Skerman (1967)，Jenkins et al. 
(1993) and Blackall et al. (1996). One mL of foam was used for serial dilutions with 1.5 % 
sodium chloride solution. Dilutions of lCT^ 10'^ and 10"^  were spread on YG agar plates and 
incubated at 3 0 T for ten days. Daily observation was made. Colonies that appeared after 
three days and with dry, folded surface were chosen to examine microscopically and to purify 
for further tests (Strom and Jenkins, 1984). ” 
The colonies chosen were purified and stained with Gram-stain (Jenkins et al., 1993). 
Bacteria with positive results in Gram-stain were further tested biochemically using the GP 
MicroPlate™ test from Biolog (Hayward, California, USA). The test is a carbon source 
utilization or oxidation test. As the bacteria chosen were Gram positive, GP' MicroPlates 
(Biolog Cat. #1004) were used. In the MicroPlate, there are totally 96 small wells with 95 
different carbon sources, except A1 well which is the blank. Besides, all 96 wells contain a 
redox dye tetrazolium violet that changes its color from colorless to violet or red upon 
reduction. 
Tested bacterium was first cultured in D-glucose supplemented Biolog Universal 
Growth Medium (Biolog Cat. #70001，BUGM + G) agar plate to log phase of growth. The 
colonies were transferred to sterilized 0.85 % sodium chloride solution by sterilized cotton 
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swabs to form a turbid suspension. When turbidity of the cell suspension reached that of the 
Gram-positive standard (Biolog Cat. #3514)，150 ^^ L of this cell suspension was introduced 
into each well and the plate was then incubated at 30T . 
The well with a carbon source, which the bacterium can oxidize, will result in a burst 
of respiration. With the production of some reducing intermediates or products, the 
tetrazolium dye will tum into purple or red. The resulting pattem of the MicroPlate was 
scored using a MicroPlate reader (Bio-Rad). It represents a metabolic fingerprint of that 
particular bacterium. 
Due to the slow growth rate of common foaming bacteria, the first pattem of the 
MicroPlate was read after incubating for 10 hours and the patterns for 24'^, 36'^, and 48^ ^ 
hours were scored also. 
As there was no database available for the pattem of the typical foaming bacteria, 
Nocardia sp., result of type strain of Nocardia amarae ATCC 27810 (American Type Culture 
Collection, Rockville, MD) was used as a reference for the identification. 
However, among the isolated bacteria, two bacteria with the highest abundance had 
problems using this method for identification. One was extremely hydrophobic and cannot 
be prepared to a cell suspension with optical density as high as the Gram-positive standard. 
Another bacterium showed foul positive results for all wells. Therefore, both were sent to 
MIDI, Inc. (Newark, USA) using the fatty acid profile ofbacterial cell wall as reference for 
identification. 
3.2.2 Isolation of non-foaming bacteria 
a. Materials 
Source 
Mixed liquor (ML) in aeration tank was collected under both foaming and foam-free 
conditions and the differences in dominance ofbacteria were compared. 
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Medium 
Typical rich medium Nutrient Broth (NB) agar plates were used. Its composition 
(w/v) was 0.8% Nutrient Broth (Biolife), 0.7% NaCl and 1.2 % bacteriograde agar in distilled 
water. 
b. Methods 
Serial dilutions of 1 mL ML were performed. Dilutions of 10" ,^ 10'^  and 10'^  were 
spread on NB agar plates and incubated at 30°C ovemight. Colonies with the highest 
abundance were purified and Gram-stained for identification. 
According to their results in Gram-staining tests, Gram-positive bacteria and Gram-
negative bacteria were incubated in BUGM+G and BUGM agar plates respectively at 30°C 
for 4-16 hours to reach their log phases of growth. Cells were then introduced to appropriate 
GP or GN (Biolog Cat. #1004) MicroPlates and incubated at 30°C for 4 h. The metabolic 
patterns of the GP or GN plate was then analyzed by using the MicroLog computer software 
(Biolog, Hayward, California) to search for possible match. The patterns for 24'^ hour were 
read also. 
Isolated colonies of major foaming and non-foaming species were further streaked on 
YG and NB plates respectively to maintain pure culture and stock keeping. 
3.3 Growth studies on type strain Nocardia amarae ATCC 27810, isolated major 




Liquid medium NB with (w/v) 0.8 % Nutrient Broth powder (Biolife) and 0.7 % NaCl 
in distilled water was used. 
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b. Methods 
One percent (v/v) of ovemight culture of Aeromonas sp. CU-1 and three-days culture 
of Nocardia amarae and Nocardia sp. CU-2 were added separately to 100 mL o f N B medium 
in 250 mL conical flasks incubated in an incubatory shaker (Labline) at 30°C and 250 rpm. 
Growth was monitored by measuring absorbance at 520 nm (A520nm) with a Milton Roy 601 
spectrophotometer. Samples were cultured in triplicate. 
3.4 Effects of fatty acids on growth kinetics oiNocardia sp. CU-2 and Aeromonas sp. 
CU-1 in pure culture 
a. Materials 
Medium 
NB was used to determine the growth kinetics of Nocardia sp. CU-2 and Aeromonas 
sp. CU-1. 
Fatty acids 
Twelve fatty acids including acetic acid (C2), butyric acid (C4), caproic acid (C6), 
caprylic acid (C8), capric acid (C10), lauric acid (C12), myristic acid (C14), palmitic acid 
“ 
(C16) and stearic acid (C18), arachidic acid (C20), behenic acid (C22) and lignoceric acid 
(C24) were purchased from Sigma Chemicals. The chemical structures of these fatty acids 
were shown in Table 2. 
Fatty acids in liquid form (C2-C8) were added directly to medium by weight in 5 mg 
per 100 mL medium. They were sterilized by filtering through a 0.22 h n membrane filter 
(Millipore Corp.). For those fatty acids in solid form (C10-C24), stock solutions (5 g/L) were 
prepared by dissolving them in absolute alcohol (Riedel-de Haen) and filter-sterilized through 
a 0.22 Mro membrane filter. 
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Table 2. Chemical structures of the twelve fatty acids tested. 
1 ""^Name of fatty acid~" Structure of fatty acid 
Acetic acid CH3COOH 
Butyric acid CH3(CH2)2COOH 
Caproic acid CH3(CH2)4COOH 
Caprylic acid CH3(CH2)6COOH 
Capric acid CH3(CH2)8COOH • 
Lauric acid CH3(CH2)10COOH 
Myristic acid CH3(CH2)12COOH 
Palmitic acid CH3(CH2)14COOH 
Stearic acid CH3(CH2)i6COOH 
Arachidic acid CH3(CH2)i8COOH 
Behenic acid CH3(CH2)20COOH 
•I 
Lignoceric acid CH3(CH2)22COOH 
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b. Methods 
One percent (v/v) of ovemight culture of Aeromonas sp. CU-1 or three-days culture of 
Nocardia sp. CU-2 was cultured in 100 mL of NB supplemented with 5 mg of fatty acids. 
Conical flasks were incubated at 30°C in an incubatory shaker adjusted to 250 rpm. 
Due to poor suspension of Nocardia sp. CU-2 in medium when growing with fatty 
acids with longer chain length, growth of the bacterial cultures was monitored by a Klett-
Summerson photoelectric colorimeter at 520-580 nm (orange filter) instead of Milton Roy 
601 spectrophotometer. Using the Klett-Summerson photoelectric colorimeter, absorbance 
was measured within a range of wavelengths rather than a specific one, readings obtained 
were more stable and so the results were also more accurate. Absorbance was recorded until 
the readings became constant. This normally required three to four days according to which 
fatty acid was added. All samples were cultured in triplicate. 
Specific growth rates and lag phases of growth of both bacteria were determined. A 
section of each of their growth curves with the greatest slope was chosen visually. Doubling 
time and specific growth rate of the respective growth curve were then calculated according 
to the slope of that section and the following equation. 
Specific growth rate = ln2 / doubling time •‘ 
3.5 Effects of fatty acids on growth yields of Nocardia sp. CU-2 and Aeromonas sp. 
CU-1 in pure culture 
a. Materials 
Media 
Three media including nutrient broth (NB), Stainer's minimal salt medium (MM) 
(Stainer et al., 1966) and primary settled sewage (SS) were used. 
Composition o f M M was summarized in Table 3. For Hutner's vitamin-free mineral 
base, nitrilotriacetic acid was first dissolved and neutralized with potassium hydroxide 
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solution. Other ingredients were then added and pH was adjusted to 6.6-6.8 before making to 
appropriate volume. The medium was sterilized by autoclaving at 121®C for 20 min. 
Precipitates appeared after autoclaving would re-dissolve on cooling. 
Primary settled sewage (SS) collected at the primary sedimentation tanks of Sha Tin 
Sewage Treatment Works was first filtered with GF/C glass microfibre filters (Whatman) and 
autoclaved at 121�C for 20 min. 0.7 % (w/v) of absolute alcohol and glycerol were also 
added as carbon sources for both bacteria in the same amounts as those in MM. 
Growth kinetics ofboth bacteria were only studied in NB but not MM and SS. It was 
because the suspension of foaming bacterium in MM was too poor to be measured, even the 
Klett-Summerson photoelectric colorimeter was used. A steady reading ofoptical density of 
those bacterial cultures could not be recorded. While for SS, the medium already had certain 
amount of particulates suspended in the medium. When the bacterial cells grew, the medium 
showed a decrease in optical density rather than an increase. It was probably due to the 
utilization of the suspended particulates. Plate count was also tried for both media but failed 
according to the poor suspension of the foaming bacterium. As bacterial cells did not 
distribute evenly in the media, results were not accurate to truly represent the growth kinetics 
of that foaming bacterium. 
Fatty acids ., 
Twelve fatty acids (C2 - C24) were supplemented to NB, MM and SS with 5 mg per 
100 mL of media. 
As mentioned previously, stock solutions of medium and long chain fatty acids were 
prepared with absolute ethanol as solvent. Thus, the absolute alcohol was added along with 
fatty acids to all three media and was the only choice of carbon source in MM and SS. 
However, absolute alcohol can only be utilized very well by Nocardia sp. CU-2 but not by 
Aeromonas sp. CU-1. Therefore, another carbon source, glycerol, which was used well only 
by Aeromonas sp. CU-1 was also added. 
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Table 3. Composition of Stainer's minimal salt medium (MM). 
Chemicals “Amount (L'') 
lM phosphate buffer (pH 6.8) ‘ 40 mL 
Hutner's vitamin-free mineral base ° 20 mL 
Nitrilotriacetic acid 
(NH4)2so4 r i " 
Carbon source “ 7 g 
a lM phosphate buffer (pH 6.8) contains 508 mL of lM potassium dihydrogen 
orthophosphate (KH2PO4) and 492 mL of lM di-sodium hydrogen orthophosphate 
fNa2HPO4) per liter. 
b Hutner's vitamin-free mineral base contains (per liter): 10g nitrilotriacetic acid; 45.45 g of 
MgSO4; 3.335 g ofCaCl2.2H2〇；0.00833 g of(NH4)6Mo7024.4H20; 0.099 g o f F e S ( V 
7H2O and 50 mL ofMetal “44” '. 
e Metal "44" contains (per liter): 250 mg of ethylenediaminetetraacetic acid (EDTA); 1.095 g 
ofZnSCV 7H2O; 0.5 g ofFeSCV 7 ^ 0 ; 0.203 g ofMnSCV 4 ^ 0 ; 0.02 g ofCuSO4; 23.96 
mg of CoS04' 7H2O; 17.7 mg ofNa2B40v' lOH2O and a few drops of concentrated 
•• 
sulphuric acid. 
d Absolute alcohol was added with fatty acids as carbon source for Nocardia sp. CU-2 while 
glycerol was added with the same amount foxAeromonas sp. CU-1. The reason for 
choosing these chemicals as major carbon sources was discussed in the next page. 
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b. Methods 
Both Nocardia sp. CU-2 and Aeromonas sp. CU-1 were cultured in the same way and 
conditions as those mentioned in growth kinetics. Dried cell yields of them were determined 
after they reached at their stationary phases. 
Determination of dried cell yield for Nocardia sp. CU-2 
Due to the high hydrophobicity of Nocardia sp. CU-2, this bacterium cannot be 
spinned down as a tight pellet and so centrifugation cannot be applied to obtain its growth 
yield accurately. Another approach using GF/C glass microfibre filters (Soddell and Seviour, 
1996) was used instead. 
Cells were harvested by using the GF/C glass microfibre filters. They were washed 
with distilled water. The filter papers were then dried at 105°C until a constant dried weight 
resulted. All samples were cultured in triplicate. 
Determination of dried cell yield for Aeromonas sp. CU-1 
il 
Aeromonas sp. CU-1 was harvested and washed with 1.5 % sodium chloride solution. 
Cells were re-suspended in NaCl and dried in pre-weighed aluminum cups at 105°C until a 
constant dried weight obtained. All samples were cultured in triplicate. 
3.6 Effects of fatty acids on growth yields ofNocardia sp. CU-2 and Aeromonas sp. 
CU-1 in mixed culture 
a. Materials 
Three media, NB, MM and SS, and twelve even-number fatty acids (C2 一 C24) were 
used in investigating effects of fatty acids on the growth yields of Nocardia sp, CU-2 and 
Aeromonas sp. CU-1 in mixed cultures. 
37 
b. Methods 
Three days' culture of Nocardia sp. CU-2 and ten-fold dilution of ovemight culture of 
Aeromonas sp. CU-1 were used as inoculum. One percent (v/v) ofeach inoculum was added 
into a 250 mL conical flask with 5 mg fatty acids supplemented in 100 mL of appropriate 
medium. Cultures were then incubated at 30�C and shaken at 250 rpm for seven days. 
In order to separate the Nocardia sp. CU-2 and Aeromonas sp. CU-1 for cell yield 
determination, mixed cell cultures were filtered through a GF/C glass microfibre filter. Cells 
oiNocardia sp. CU-2 which have larger cell size were retained on the filter paper while the 
smaller cells of Aeromonas sp. CU-1 passed through the filter with filtrate. Cells of 
Aeromonas sp. CU-1 were then harvested by centrifugation. 
However, cells of Aeromonas sp. CU-1 produced a large amount of exo-polymer that 
hindered the filtration process. Therefore, mixed cultures of Nocardia sp. CU-2 and 
Aeromonas sp. CU-l were first undergone a steaming process at 105°C for 10 min before 
filtration. This process was conducted to remove the exo-polymer. When the culture was 
still hot, except the nocardial cells, all other substances would pass through the GF/C glass 
microfibre filters (modified from Brown and Lester, 1980; Lester et al., 1984). Effects of the 
steaming process on the cell yields harvested were examined in pure culture of both bacteria. 
Differences in cell yields obtained for both Nocardia sp. CU-2 and Aeromonas sp. CU-1 with 
and without steaming was found to be statistically insignificant. 
After the^ steaming process, cells of Nocardia sp. CU-2 can be separated from 
Aeromonas sp. CU-1. Nocardia sp. CU-2 on filter paper were washed with distilled water 
and dried in 105°C oven until having constant weight. Aeromonas sp. CU-1 wg.s harvested by 
centrifugation after the filtrate was cooled down to room temperature. All samples were 
cultured in triplicate. 
3.7 Effect of fatty acids on the propensity of foam formation oiNocardia sp. CU-2 
growing with different fatty acids 
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The foaming abilities of Nocardia sp. CU-2 grown on fatty acids with different chain 
length were investigated and compared using the method described by Blackall and Marshall 
(1989). 
After Nocardia sp. CU-2 reached its log phase of growth (about 36 h culturing in 
MM), bacterial cells were harvested and tested on a foaming apparatus. The foaming 
apparatus was a glass foaming column (2.5 cm in internal diameter and 30 cm in height) with 
a sintered glass disc at the bottom. Compressed air was introduced by a vacuum pump and 
the air flow-rate was controlled at 200 mL min"' by a rotameter (Fig. 5). 
Height and phenomena of foam were recorded both during and after aeration. 
Phenomena of foam were classified according to Table 4. All samples were cultured in 
triplicate. 
3.8 Effects of fatty acids on hydrocarbon affinity (HA) of Nocardia sp. CU-2 
The froth flotation theory suggests that the presence ofhydrophobic particles is one of 
the major criteria for foam formation (Leja, 1982; Blackall et al., 1988; Goddard and Forster, 
1991). Cells of Nocardia spp. or some other foam formers always take this role as the 
hydrophobic particles in the sewage treatment plants. If its nature changed from hydrophobic 
to hydrophilic，it would not attach to bubbles or enter the air-water interface in the foam 
(Blackall et al, 1988). 
Hydrophobicity of Nocardia sp. CU-2 was determined by measuring the hydrocarbon 
affinity (HA) of bacterial cells on n-hexadecane, n-octane and p-xylene. J h i s test was 
adopted from Rosenberg et al, (1980). It aimed at finding out the bacterial cells' 





^^^^^^^U ^ K ^^^^^^^^  
Fig. 5. The setup of the foam test (Blackall and Marshall, 1989). 
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Table 4. Classification of foam ratings according to the phenomena of foam (modified 
from Blackall etal,, 1991c). 
Foam “ “ 
Description of foam 
Rating 
0 Reaction to aeration as for pure water. Bubbles break surfaces but are 
unable to foam or have no stability. 
1 1 - 3 cm of foam with fragile, ill-formed bubbles. Insufficient stability to 
form films. Immediate collapse on aeration being halted. 
2 Intermittent films sufficiently stable to last for > 5 - 10 s. Usually generated 
from a fragile foam structure of limited height. Films unstable on aeration 
being halted. 
3 Foam (bubbles about 1.0 cm in diameter) reached 3 — 8 cm high. Infrequent 
to regular film formation, with both film and foam semi-stable on aeration 
being halted. Films had stability for 10 — 30 s. 
4 Initially, 5 - 10 cm of foam (bubbles about 1.0 cm in diameter) formed with 
stable films at regular intervals. Body of the foam and films remained stable 
once aeration ceases. 
5 Setting up o f 5 - 10 cm stable foam in 2 min with foam density greater than 
Foam Rating 4. It was still stable when aeration halted. No films formed； 
6 Stable foam obtained in 15 — 30 cm height without films. Bubbles produced 
initially having size at about 0.5 cm in diameter and increased to 2.0 - 3.0 
cm. F6am remained stable for 3 - 5 min from time that aeration was halted. 
7 Dense stable foam > 30 cm formed over 2 min's aeration. Bubbles had size 
at about 0.3 cm in diameter initially and reached a maximum at 1.0 cm in 3 — 
5 min's aeration. Foam was sufficiently stable to show no change in height 
after aeration ceased for 10 - 15 min. • 
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Media 
Effects of fatty acids on HA of Nocardia sp. CU-2 growing in three media, including 
NB, MM and SS were determined and compared. 
Hydrocarbons tested 
Affinities on three different hydrocarbons namely n-hexadecane, n-octane and p-
xylene of Nocardia sp. CU-2 were determined. 
b. Methods 
In order to determine the effects of fatty acids on the hydrocarbon affinities of 
Nocardia sp. CU-2 at different growth phases, cells growing in different media with different 
fatty acids supplemented were harvested at 2"^ 4^ ^ and 6'^  days. The bacterium 
approximately reached their log phase, early stationary phase and late stationary phase 
respectively. 
After the bacterium were harvested and washed, they were re-suspended in 
phosphate-urea-magnesium (PUM) buffer at pH 7.1. The composition o f P U M buffer (w/v) 
is 22.2 g ofK2HPO4OH2O, 7.26 g of KH2PO4, 1.8 g of urea and 0.2 g ofMgSCU.THzO per 
liter of distilled water. 
•t 
In three round-bottom 10 mm diameter test tubes, 1.4 mL of the cell suspension was 
added with 200 uL of the three different hydrocarbons, n-hexadecane, n-octane and p-xylene. 
After 10 min pre-incubation at 30T , the mixture was agitated uniformly on a Thermolyne 
Maxi Mix mixer (Sybron) for 120 sec. After the addition of separate hydrocarbon into the 
cell cultures, cells with greater affinities to that hydrocarbon than water will enter the organic 
layer, leaving a clearer bottom layer. The tubes were then left undisturbed for 15 min for the 
hydrocarbon phase to rise completely. The aqueous phase was then carefully removed with a 
Pasteur pipette and its absorbance at 400 nm was measured using a Milton Roy 601 
spectrophotometer. The reduction in absorbance at 400 nm after hydrocarbon addition was 
the HA ofthe cells. All samples were cultured in triplicate. 
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3.9 Effects of fatty acids on the filamentous growth, nocardial growth, foaming 




Returned activated sludge (RAS) and primary settled sewage (SS) from Sha Tin 
Sewage Treatment Works were collected. The collection time was at about 2:00pm in early 
May 1999. Samples were transported back to laboratory at room temperature within one 
hour without any treatment or preservation. Samples were collected twice in two separate 
days. One was foaming mixed liquor while another one was non-foaming. 
Fatty acids 
One hundred milligrams of C4, C12 and C22 fatty acids were added as major carbon 
source for each 200 mL batch culture. 
b. Methods 
One hundred mL of RAS and 100 mL of SS was mixed together in each 500 mL 
“ 
conical flask. One hundred milligram of fatty acid was added as major carbon source. Two 
hundred M-L of absolute alcohol and 5 mL of three-day-old nocardial culture was added to 
enhance the grow^th of major foaming bacteria. Cultures were agitated in room temperature 
at 100 rpm by an orbitary shaker (Labline) for 6 days. Nocardial count and foam test of 
sludge were performed at 2"^, 4【卜 and 6^ ^ day. Sludge volume indexes were also determined 
at the end of the experiment. All samples were cultured in duplicate. 
Nocardial count 
As Nocardia sp. CU-2 was isolated as the major foaming bacteria in the sludge 
samples, growth of nocardial filaments was used as the indicator for the growth of foaming 
bacteria in the sludge. Nocardial count established by Pitt and Jenkins (1990) was used to 
monitor the abundance of these filaments. Procedures were summarized in Fig. 6. Growth of 
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overall filaments of all other filamentous microorganisms in the sludge was also monitored 
according to Foot and Forster (1994). Abundance of filaments was classified into seven 
levels according to Table 5. 
Foam test 
Foaming abilities of sludge cultured with different fatty acids were assessed in the 
same way as for determining foaming ability of Nocardia sp. CU-2 in pure culture (Blackall 
and Marshall, 1989). 
Fifty mL sludge sample was added to the foam column and was aerated by 
compressed air at 200 mL / min. Observations were made upon aeration and after aeration 
was halted (Blackall et al., 1991c). The heights and stabilities of foams observed for 
different fatty acids were classified into seven foam ratings according to Table 4 in section 
3.7. 
Sludge Volume Index 
Sludge Volume Index (SVI) is typically used to monitor settling characteristics of 
activated sludge. It was determined according to standard methods (American Public Health 
Association, 1992). „ 
Settled sludge volume (mL / L) x 1000 
SVI  
Suspended solids (mg / L) 
Volume of sludge that had been settled for 30 mins was determined. Two hundred 
milliliters of sample was poured into a 250 mL graduated cylinder and left undisturbed for 30 
minutes. The volume occupied by the activated sludge was recorded. 
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Spread 80 WL of mixed liquor (ML) from a sample evenly onto each 




Check for even distribution o fML for the five slides at lQOx under a light microscope. 
"~n 
V 
Perform Gram-stain.  
V 
Align the graticule on the eyepiece with the mark on the slide. Count the number of 
Gram positive filaments greater than 1 ^^ m in length cutting the graticule at 1000x 
under a light microscope. Move the slide across the opposite edge when counting. 
” 
V 
Ifintersections are larger than 100, suitable dilutions should be made and  
procedures are repeated. 
V . 
Average the count for 5 slides and express the results  
as “intersections / g of suspended solids". 
Fig. 6. Flow chart showing the procedure for nocardial count (Pitt and Jenkins, 1990). 
45 
Table 5. Numerical scale rating of filaments in activated sludge (modified from Pitt and 
Jenkins, 1990). 
Rating Abundance Filament level 
1 None None. 
2 Few Filaments only in an occasional floc. 
3 Some Filaments common but not present in 
all flocs. 
4 Common Filaments in all flocs at low density (1 
to 5 per floc). 
5 Very common Filaments in all flocs at medium 
density (5 to 20 per floc). 
6 Abundant Filaments in all flocs at high density~~ 
(>20 per floc). 
7 Excessive Filaments in all flocs; more filaments 
than flocs; filaments growing in high 
abundance in bulk solution. 
n 
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For suspended solids, the 200 mL sample was filtered through a pre-washed and pre-
weighed GF/C glass microfiber filter. The filter was washed three times with approximately 
10 mL of distilled water each. Before drying in oven at 105T, the filter was first dried in 
microwave oven at medium fire for easier removal of the filter. After drying at 105®C 




4.1 Isolation of foaming and non-foaming bacteria 
4.1.1 Isolation of foaming bacteria 
Two types of dry, chalky and folded-surface colonies were observed after incubated 
for three days and seven days at 30'C. White colonies, strain CU-2 (Fig. 7) and brownish 
yellow colonies, strain CU-3 (Fig. 8) appeared on YG agar plates in 10^ dilutions of foam 
after incubated for three and seven days respectively. Bacterial strain CU-2 grew faster and 
had a higher abundance than strain CU-3. Both strains had very similar appearance as the 
type strain Nocardia amarae ATCC 27810 (Fig. 9) such as folded surface and dry 
appearance. They were further identified as Nocardia species by MIDI, Inc., USA according 
to the cell walls ofselected bacteria's fatty acid profiles. 
Due to its higher abundance and faster growth rate, strain CU-2 was chosen for the 
study and named as Nocardia sp. CU-2. Fig. 10 showed the abundance ofthis bacterium. In 
some locations, there were a lot of small white chalky colonies. These are the colonies of 
Nocardia sp. CU-2. Though their sizes were small, the abundance ofthem was high. 
When observed under light microscope after stained with Gram-stain, Nocardia sp. 
CU-2 had branching filaments stained in deep blue to black (Fig. 11). This is the typical 
•4 
result for Gram-positive bacteria. These filaments are similar in appearance to those of the 
type strain Nocardia amarae ATCC 27810 (Fig. 12)，the most popular foaming bacterium, 
except the characteristic of right-angled branching that only be observed in Nocardia amarae. 
4.1.2 Isolation of non-foaming bacteria 
Abundance was the major criteria for choosing the major non-foaming bacterium. 
The bacterium, strain CU-1 was identified as Aeromonas species with 0.832 in similarity by 
Biolog biochemical test. It was named as Aeromonas sp. CU-1. Its colonies had larger sizes 
and smooth, slimy surfaces (Fig. 13). Under light microscope, it appeared as short rod and 




Fig. 7. Colonies of Nocardia sp. CU-2 grown on YG agar plate. 
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Fig.lO. Microorganisms isolated from bacterial foam in the dilution of 10"^  on YG agar plate. 
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Fig. l l . Appearance of Nocardia sp. CU-2 after Gram-stain stained under phase contrast 




Fig.l2.A!v arance of type strain Nocardia amarae ATCC 27810 under phase contrast 




Fig.l3. Colonies of Aeromonas sp. CU-1 grown on NB agar plate. 
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The reason for choosing this bacterium as the most dominating non-foaming 
bacterium was its high abundance and high growth rate. Its dominance revealed its high 
competency with other fast growing non-foaming floc formers. Also, its high growth rate can 
better show the advantage of fast growing floc formers over the slow growing foam formers 
in competition. In order to alleviate any biased results, effects of fatty acids were also 
determined iii batch cultures of primary settled sewage and returned activated sludge. 
4.2 Growth studies on type strain Nocardia amarae ATCC 27810, isolated major 
foaming bacterium, Nocardia sp. CU-2 and non-foaming bacterium, Aeromonas 
sp. C U-1 
Growih of Nocardia sp. CU-2 in NB at salinity of 15 ppt was very slow (doubling 
time was aoout 13 h) but it was comparatively faster than the type strain Nocardia amarae 
ATCC 2781 丨)(doubling time was about 20 h) (Fig. 15). Both bacteria had their lag phases of 
growth for about 10 hours and finished their growth cycles after 60 h. They did not grow 
very well in NB, reaching only about 1.00 in A520nm and the cell yield obtained was only 
0.158 g dri '.-(i weight / L of medium. 
Comparatively, Aeromonas sp. CU-1 grew much faster and better in NB (Fig. 16). It 
has reached the stationary phase with 1.50 in A520nm in about 10 h. Its doubling time was 
only aboui ( ; . 6 h. It had a cell yield of 0.908 g dried weight / L ofmedium. 
4.3 EflVv_ is of fatty acids on growth kinetics oiNocardia sp. CU-2 and Aeromonas sp. 
CU-. ill pure culture -
Accr;-ding to the chain length of fatty acids and their effects on the growth of 
Nocardia s； CU-2 and Aeromonas sp. CU-1, the twelve fatty acids tested were classified 
into three youps including short-chain (SC), C2 一 C8; medium-chain (MC), C10 - C14; and 
long chain .Z), C16 - C24, fatty acids. 
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Fig.l4 Appearance ofAeromonas sp. CU-1 under phase contrast microscope at l,OOOx. The 
bacterial cells were short rod shaped. 
57 
1.8 1  
‘‘ “ 1 
1 5 - —•— ^Jocardia sp. CU-2 
― ^ Mocardia amarae (ATCC27810)  
1.4 -
1.2 -
E c i 1.0 • >1 i 
§ >^^^^^^:::^！ ？ 
I � . 8 - / ^ ^ ？ ^ 
<:::>^  I 
0.0 i 90^^^^^^ , , , 




Fig.l5.Growth of Nocardia amarae (ATCC 27810) and Nocardia sp. CU-2 in NB with 
salinity of 15 ppt. Doubling time for N. amarae = 20.36 h and Nocardia sp. CU-2 = 
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Fig.l6. Growth of Aeromonas sp. CU-1 in NB with salinity of 15 ppt. Doubling time = 0.62 
h. Each points represents mean value 土 1 standard deviation oftriplicates. 
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Figs. 17 - 22 showed the effects of these three groups of fatty acids on the growth of 
Nocardia sp. CU-2 and Aeromonas sp. CU-1 in NB. Effects of fatty acids on the specific 
growth rates and lag phases of growth ofboth bacteria were summarized in Figs. 23 — 26. 
Nocardia sp. CU-2 could not grow in NB supplemented with MC fatty acids but this 
cessation on growth was not observed on Aeromonas sp. CU-1. For specific growth rates, the 
differences between SC and LC fatty acids on Nocardia sp. CU-2 were statistically 
significant except for C4 and C16. The growth rates with LC fatty acids were generally 
lower than those with SC. When compared to control, SC fatty acids showed enhancements 
while LC fatty acids showed inhibitions. On the contrary, Aeromonas sp. CU-1 grew faster 
with LC fatty acids rather than SC fatty acids. Except C2, growth rates with MC and LC 
fatty acids were generally higher than those with SC. However, all fatty acids showed 
inhibitions on specific growth rates when compared with control 
Effect of fatty acids on the lag phase periods of growth of Aeromonas sp. CU-1 was 
irrelevant to the carbon chain length of fatty acids. However, for Nocardia sp. CU-2, the lag 
phase periods of growth varied greatly between LC and SC fatty acids. Most LC fatty acids 
(C16 — C22) had shorter lag phases than control and SC fatty acids. Only C24 had a bit 
ionger lag phase of growth. It showed no significant difference with control and C4 but still 
had shorter lag phase than other SC fatty acids. 
•I 
4.4 Effects of fatty acids on growth yields of Nocardia sp. CU-2 and Aeromonas sp. 
CU-1 in pure culture 
Microorganisms have different abilities to utilize different carbon sources. They also 
adapt differently to different media (Forster, 1992; Cloete and Muyima, 1997). Three media, 
including NB, the richest in organic contents among three; MM, with a defined carbon source 
and rich minerals and nitrogen sources; and SS, real samples from the sewage treatment 
plant, were chosen for this study. Figs. 27 - 32 showed the effects of fatty acids on the 
growth yields of Nocardia sp. CU-2 and Aeromonas sp. CU-1 in these three media. 
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Fig.l7. Effects of short-chain fatty acids on the growth of Nocardia sp. CU-2 in NB. Each 
points represents mean value 土 1 standard deviation of triplicates. . 
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Fig.l8. Effects of short-chain fatty acids on the growth ofAeromonas sp. CU-1 in NB. Each 
points represents mean value + 1 standard deviation oftriplicates. 
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Fig.l9. Effects of medium-chain fatty acids on the growth ofNocardia sp. CU-2 in NB. Each 
points represents mean value 土 1 standard deviation oftriplicates. 
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Fig.20. Effects of medium-chain fatty acids on the growth of Aeromonas sp..CU-l in NB. 
Each points represents mean value 土 1 standard deviation of triplicates. 
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Fig.21.Effects of long-chain fatty acids on the growth of Nocardia sp. CU-2 in NB. Each 
points represents mean value 土 1 standard deviation of triplicates. 
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Fig.22. Effects of long-chain fatty acids on the growth of Aeromonas sp. CU-1 in NB. Each 
points represents mean value 土 1 standard deviation of t r i p l i c a t e s . ' 
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Fig.23. Effects of fatty acids on specific growth rates of Nocardia sp. CU-2 growing in NB. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a" , "b"，etc. (Tukey's test at P = 0.05). 
* Growth could not be detected due to the inhibitory effects of medium-chain fatty 
acids on the growth of Nocardia sp. CU-2. 
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Fig.24. Effects of fatty acids on specific growth rates ofAeromonas sp. CU-1 growing in NB. 
Each bar represents mean value + 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a", "b"，etc. (Tukey's test at P = 0.05). 
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Fig.25.Effects of fatty acids on lag phase periods of Nocardia sp. CU-2 growing in NB. 
Each bar represents mean value 土 1 standard deviation oftriplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a"，"b", etc. (Tukey's test at P = 0.05). 
* Growth could not be detected due to the inhibitory effects of medium-chain fatty 
acids on the growth of Nocardia sp. CU-2. 
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Fig.26. Effects of fatty acids on lag phase periods of Aeromonas sp. CU-1 growing in NB. 
•> 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a" , "b", etc. (Tukey's test at P = 0 .05) . ' 
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Fig.27. Effects of fatty acids on the growth yields of Nocardia sp. CU-2 culturing in NB. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a" , "b"’ etc. (Tukey's test at P = 0.05). 
* Growth could not be detected due to the inhibitory effects of medium-chain fatty 
acids on the growth of Nocardia sp. CU-2. 
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Fig.28. Effects of fatty acids on the growth yields of Nocardia sp. CU-2 culturing in MM. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a"，"b"’ etc. (Tukey's test at P = 0.05). 
* Growth could not be detected due to the inhibitory effects of medium-chain fatty 
acids on the growth of Nocardia sp. CU-2. 
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Fig. 29. Effects of fatty acids on the growth yields of Nocardia sp. CU-2 culturing in SS, 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a" , "b", etc. (Tukey's test at P = 0.05)* 
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Fig. 30. Effects of fatty acids on the growth yields of Aeromonas sp. CU-1 culturing in NB. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a", "b", etc. (Tukey's test at P = 0.05). 
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Fig. 31. Effects of fatty acids on the growth yields of Aeromonas sp. CU-1 culturing in MM. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null 
hypothesis of no difference is tested by one way ANOVA. Statistically identical 
groups are designated small letters like "a", "b", etc. (Tukey's test at P = 0.05). 
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Fig. 32. Effects of fatty acids on the growth yields of Aeromonas sp. CU-1 culturing in SS. 
Each bar represents mean value 土 1 standard deviation of triplicates. Null hypothesis 
of no difference is tested by one way ANOVA. Statistically identical groups are 
designated small letters like "a"，"b", etc. (Tukey's test at P = 0.05). 
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Among the three media tested, Nocardia sp. CU-2 grew the best in MM while 
Aeromonas sp. CU-1 grew the best in NB. The growth yields for both bacteria in SS were 
similar and also the smallest among three media. 
4.4.1 Effects of fatty acids on Nocardia sp. CU-2 
When cultured in NB, growth was ceased with MC fatty acids due to their growth 
inhibitory effects (Galbraith et al., 1971; Khan and Forster, 1991). Only small amount of 
bacterial cells was harvested with MC fatty acids in MM. It showed that the inhibitory 
effects of MC fatty acids in MM were less prominent than in NB. However, the cells still 
need much longer time for adaptation in lag phase. They did not reach the log phase until 
incubated for three days. As a result, cell yields harvested were much lower than those with 
SC and LC fatty acids. But in SS, no hindrance on the growth of this bacterium by MC fatty 
acids was observed. Cells could grow on all fatty acids, including C10 一 C14. 
For the effects of fatty acids, higher cell yields were obtained with SC fatty acids in 
NB. In MM, longer SC fatty acids (C6 and C8) did not grow as well as shorter ones (C2 and 
C4). C8, which is at the boundary between SC and MC fatty acids, showed similar results as 
MC fatty acids. Thus, it also had inhibitory effect on the growth of Nocardia sp. CU-2. In 
general, except control and C2 had higher cell yields and C8 and all MC fatty acids had 
lower, differences in cell yields between different fatty acids were insignificant. Differences 
between fatty acids are generally insignificant in SS, except C2 and C24. Cell yields of SS 
with C2 were significantly lower than four fatty acids including C8, C12, C22 and C24. On 
the contrary, cell yield obtained with C24 was significantly higher than control and all other 
fatty acids except C8, C12 and C22. * 
4.4.2 Effects of fatty acids on Aeromonas sp. CU-1 
Effects of fatty acids on the growth of Aeromonas sp. CU-1 were not consistent for all 
three media. Aeromonas sp. CU-1 grew the best in NB, but the effects of fatty acids on its 
growth was not significant. Cell yield in MM was quite good, but supplements of fatty acids 
had inhibitory effects on the growth of Aeromonas sp. CU-1. Effects of different fatty acids 
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in MM did not have a clear relationship with their chain length. For SS, the cell yields 
obtained were again the lowest among three media. Except C10, MC and LC fatty acids had 
greater cell yields than SC fatty acids. 
4.5 Effects of fatty acids on growth yields of Nocardia sp. CU-2 and Aeromonas sp. 
CU-1 in mixed culture 
Nocardia sp. CU-2 and Aeromonas sp. CU-1 could only coexist in MM. Nocardia sp. 
CU-2 and Aeromonas sp. CU-1 had excluded each other in SS and NB accordingly. 
However, effects of fatty acids on the growth yields of both bacteria were generally 
insignificant. • 
Tables 6 - 8 showed the effects of fatty acids on the growth yields of Nocardia sp. 
CU-2 and Aeromonas sp. CU-1 in mixed culture in NB, MM and SS respectively. The cell 
yields in mixed cultures were compared with those in pure cultures. 
4.6 Effect of fatty acids on the propensity of foam formation of Nocardia sp. CU-2 
growing with different fatty acids 
1/ 
Presence of grease and oils not only promoted the growth of foaming bacteria, but 
also increased their propensity to foam (Lemmer, 1986; Slijkhuis and Deinema, 1988; 
Seviour et al., 1990). Foam test (Blackall and Marshall, 1989) was performed on cells of 
Nocardia sp. CU-1 fed with different fatty acids and results were shown in Fig. 33. Long 
chain fatty acids, though did not show a significant stimulatory effect on growth yields of 
Nocardia sp. CU-2, led to much higher foam height when compared with control, SC and 
MC fatty acids. 
The foam in all cases had high stability that did not collapse after aeration was 
stopped for up to five minutes. Moreover, cell cultures tumed clear and the bubble lamella 
observed were opaque upon aeration. When streaked on yeast glucose agar plates, plenty of 
colonies of Nocardia sp. CU-2 were grown from samples of the bubble layer at top but not 
for the clear bottom solution layer. This observation suggested that cells of Nocardia sp. CU-
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Table 6. Comparison of effects of fatty acids on the growth of Nocardia sp. CU-2 and 
Aeromonas sp. CU-1 in pure and mixed culture in NB. 
Cell yield (mg of dried weight /100 mL NB) 
Fatty acids Nocardia sp. CU-2 Aeromonas sp. CU-1 
supplemented *Pure **Mix Pure m x 
CtI *** '52.4±1.0 ****N.D. '95.7=^2.26 M6.6 =^  4.7 
C2 ' 5 8 . 4 ^ 1 . 0 NlD： '98.1=^6.82 ' 5 2 . 1 ^ 5 . 5 
C4 。49.2土0.9 N.D. a96.4±7.93. 乂？；士]? 
C6 a54 .4± i .2 N.D. ' ^ : : ± 1 1 . 8 &$^.^±3.7 
C8 b59.5±i5 N.D. &92.4±16.6 ？丄今士二」 
ClO KD. WD. a99 9 ± 8.6 M8.0 ± 4.9 
C12 N.D. N.D. a96.5±8.6 a ^ Q ^ i ] ? 
C14 N.D. N.D. a io5 .o±o .8 乂；今土？〕 
C l 6 a,c52.o ^ 0.4 RD： ' 9 0 . 7 ^ 1 2 . 0 M3.9^0 .5 
C18 ^ 4 . 2 ± 0.8 N.D. % . 2 ± 1 2 . 9 M4.9±3.4 
C20 c , � 6 . 3 ± 1 . 7 N.D. &；；；士今； ^ ^ $ ± 5 5 
C22 c47.4±o.4 N.D. &§^^±0.9 “ 乂^呂士斗^ 
C24 ''^46.5 ± 0.5 N.D. a io4 .o±8 .1 &$( ^ ± 5 . 5 
* Pure stands for pure culture. 
** Mix stands for mixed culture of Nocardia sp. CU-2 ?txidAeromonas sp. CU-1. 
*** Results represented by mean value 土 1 standard deviation. Null hypothesis of no difference is tested by 
one way ANOVA. Statistically identical groups are designated small letters like "a"，"b", etc. within the 
same column (Tukey's test at P = 0.05). 
**** N.D. stands for non-detectable. ' 
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Table 6. Comparison of effects of fatty acids on the growth of Nocardia sp. CU-2 and 
Aeromonas sp. CU-1 in pure and mixed culture in NB. 
Cell yield (mg of dried weight /100 mL MM) 
Fatty acids Nocardia sp. CU-2 Aeromonas sp. CU-1 
supplemented *Pure **Mix Pure Mlx 
Cd ***n76.0i l0 .1 "- '23.2il .3 '83.1±4.0 '54.2±3.4 
C2 ' l 22 .0 i7 .9 ^ . 5 ± 2 . 2 '''54.3 土 0.7 。,。42.6±3.8 
C4 �142 0 ±8.7 "27.9±2.0 b’S4.3±1.6 d3o.5±5.2 
C6 b’ciio7o±7.7 c i i . 6±4 5 ”o .8±o.9 &’1>49.5土0 9 
C8 d99.7i4.i a’b’d22.4±2.3 b’e52.7±5.5 "’。^二？土？。 
O 0 '2.5 ± 2.3 ' ' '16.0±3.3 '39.5±0.3 '' '49.6±1.5 
C12 ****N.D. e’di5.2t3.i e46.8±i.2 ?6 .5±o.8 
C14 b . 2 i 2 . 1 c’ei3.9±3.1 %1.3土2.0 a55 2 ±2.7 
C U ' l l 7 . 0 i l . 2 a’t26.6±3.6 '’丨55.2士3.3 ' ' ' 'M3.9i0.9 
C18 b’dio7o±2.1 a’f26.8±1.7 �70.7±0.8 c’ci35 2±o.3 
C20 b i i 6 . 0 i i . 2 b’c’d’e’fi9 2 i 2 . i &^§.§±1.9 �7.1土1.7 
C22 bi22.0±2.7 a’b,d’e206±i.5 5’�57.4土0.8 �7.2±2.1 
C24 bii6.0±2.5 a’b’d’e20 5±2.o b’f56i±i.9 ,‘ � . 9 ± 0 . 5 
* Pure stands for pure culture. 
** Mix stands for mixed culture of Nocardia sp. CU-2 and Aeromonas sp. CU-1. 
*** Results represented by mean value 土 1 standard deviation. Null hypothesis of no difference is tested by 
one way ANOVA. Statistically identical groups are designated small letters like "a" , "b", etc. within the 
same column (Tukey's test at P = 0.05). 
**** N.D. stands for non-detectable. 
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Table 6. Comparison of effects of fatty acids on the growth of Nocardia sp. CU-2 and 
Aeromonas sp. CU-1 in pure and mixed culture in NB. 
Cell yield (mg o fd r i ed weight / 100 mL SS) 
Fatty acids Nocardia sp. CU-2 Aeromonas sp. CU-1 
supplemented *Pure **Mix Pure M ^ 
M ***a’b32.i±0.6 a’b’c2i.i±3 6 ^32.1±0.3 ****N.D. 
C2 ' 3 1 . 4 ^ 1 . 3 a，t3’c23.o±3.9 ' ^ . 6 ^ 0 . 1 RD： 
C4 a’b33.3±o.6 b i 7 . 2 ± 5 i ^21.0±1.7 N.D. 
C6 a’b33.2±o.3 a’b’c25.8±2.5 -。’(!二！了土。」 N.D. 
C8 ' ' '34.0 ± 0.000.5 "'^' '21.8^8.0 ^18.4±0.5 N.D. 
CTO ' ' '32.2 ± 0.7 a’b’c22.3 ^ 8.9 ^ 2 . 9 ^ 1 . 2 1 ^ 
C12 a’c34.i±o.4 a，b,c22.8±5.6 ^ ' ^ 8 . 3 ± 1 . 9 N.D. 
C14 a’b33.4±o.2 ^ 4 . 3 ^ 8 . 5 ''^28.9 ± 2.6 N.D. 
^ ' ' ' 3 2 . 8 ^ 0 . 1 a,b，c2i.5±2.4 ^32 .2^3 .7 RD： 
C18 a’b33.2±i.8 a,b,c243 ± ^ j ^ . 7 ± 3 . 2 N.D. 
C20 a’b32.2±i .5 a’b’c25 2 ± o o 0 3 . 6 ''^8.0 ± 0.2 N.D. 
C22 a’c34.4±o.8 a33.6±5.7 a’b3o.6±i.2 N.D. 
$1 
C24 ' 3 6 . 4 ± 0 . 5 ' '^31.8^2.9 ' ' '32.8 ± 0.6 N.D. 
* Pure stands for pure culture. 
** Mix stands for mixed culture of Nocardia sp. CU-2 and Aeromonas sp. CU-1. 
*** Results represented by mean value 土 1 standard deviation. Null hypothesis of no difference is tested by 
one way ANOVA. Statistically identical groups are designated small letters like "a"，"b", etc. within the 
same column (Tukey's test at P = 0.05). 
**** N.D. stands for non-detectable. 
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Fig.33.Effects of fatty acids on the foaming ability of pure culture of Nocardia sp. CU-2 
grown in MM. Each bar represents mean value 土 1 standard deviation of triplicates. 
Null hypothesis of no difference is tested by one way ANOVA. Stkistically identical 
groups are designated small letters like "a", "b", etc. (Tukey's test at P = 0.05). 
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2 actually entered the bubble lamella, confirming the results reported by Blackall and 
Marshall(1989). 
4.7 Effects of fatty acids on hydrocarbon affmity (HA) oiNocardia sp. CU-2 
As MC fatty acids had inhibitory effects on the growth of Nocardia sp. CU-2, HA for 
all MC fatty acids in NB and C12 in SS could not be determined. (Nocardia sp. CU-2 could 
not grow with C12 in SS for this sample though its inhibitory effect was not shown in the test 
in Section 4.4.) Although these bacterial cells could grow in MM, their lag phases were 
much longer than with other fatty acids. Therefore, the data for MM after 2 days' incubation 
could not be determined also. 
Results ofhydrophobicity of Nocardia sp. CU-2 was shown and compared in Tables 9 
- 1 7 . HA was higher when cultured in MM and the affinities on n-octane and p-xylene were 
higher than on n-hexadecane. A greater difference in HA between cells cultured with LC and 
SC fatty acids was only observed in NB. When culturing Nocardia sp. CU-2 in NB, at their 
log phase, no significance difference was observed within different members of LC fatty 
acids. C18 and C24 had significant higher HA than SC fatty acids. HA for control was 
significantly lower than LC fatty acids but not SC fatty acids except C4. Therefore, results 
suggested that LC fatty acids supplements increased hydrophobicity of Nocardia sp. CU-2 
cells. However, the extent of increment was not great enough for all LC fatty acids to show 
significant differences with SC ones. 
•> 
For cells at their early and late stationary phases in NB, there were no significant 
differences in HA of Nocardia sp. CU-2 with different fatty acids supplemented except C8 
and C20 at early stationary phase and C6 at late stationary phase. At early stationary phase, 
HA of cells cultured with C8 was significantly lower than control and other fatty acids. C20, 
on the contrary, had a relatively higher HA when compared with most SC fatty acids, C4 -
C8. While for cells at their late stationary phase, HA for C6 was significantly lower than 
some LC fatty acids, especially on n-octane and p-xylene. It had significantly lower HA than 
C16, C22 and C24 on n-octane and C22 and C24 on p-xylene. 
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Effects of fatty acids on the HA of Nocardia sp. CU-2 culturing in MM were 
insignificant, whichever growth phases they were at. The only exception was C14. When the 
cells fed with C14, at their early stationary phases, the affinity on octane was significantly 
higher than control. For late stationary phase, it was significantly higher than C10 on n-
hexadecane; C10, C16 and C18 on n-octane and C10 and C18 on /7-xylene. 
For SS, no significant differences were found between fatty acids for most cases. For 
cells at log phase, the affinities on n-hexadecane for C24 was significantly higher than C2 
and C14 while the HA for C22 was significantly higher than C14 also. For early stationary 
phase, significant difference of affinity on octane was only observed between control and 
C22. HA for C22 was higher than that for control. No significant difference in 
hydrophobicity was observed for cells at late stationary phase.. 
Nocardia sp. CU-2 did not show a clear trend between the relationships of HA and 
their culturing periods. Their hydrophobicities varied randomly with different fatty acids and 
in different media. Figs. 34 - 42 were summaries of change in hydrocarbon affmity of 
Nocardia sp. CU-2 culturing with different media. 
“ 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane j3-Xylene 
supplemented Average ~ * S . D . Average S ^ Average ^ ~ 
Control **'0.608 “ 0 . 0 0 8 1 7 9 ^ 0 ^ 0.01472 ^ o J ^ 0.01472 
« ^ O l ^ ~ ~ 0 . 0 7 3 6 7 6 """a,OQ.736 ~~0.128665 ~ " ' ' ° 0 . 7 3 6 ~"0.128665 
C4 ^''0.913 0.005888 ^'^.958 0.018833 ^'^.958 0.018833 
C6 ''^0.805 0.049241 ' ' ^ .841 0.082741 ' ' ^ . 841 0.082741 
C8 ' ' ^ .775 0.018373 ' ' ^ .822 0.048781 ' ' ^ . 822 0.048781 
^ ***N.D. R R F T a K D . R a WD. 
C12 N.D. N.D. N.D. N.D. N.D. N.D. 
C14 N.D. N.D. N.D. N.D. N.D. N.D. 
^ '0.884 ~~0.047394 ~~。’％.931 ~~0.067203 ~^ ' ^0^~~0.067203 
C18 ^1.136 0.035443 ^1.196 0.032356 ^1.196 0.032356 
C20 ^''0.967 0.022455 ^'^1.003 0.019293 ^'^1.003 0.019293 
C22 bAdo963 0.061959 ^'^1.014 0.084358 ^'^1.014 0.084358 
C24 ''^1.140 0.210248 ^1.179 0.217045 ^1.179 0.217045 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
column (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
Supplemented Average *S.D. Average S ^ Average S ^ 
Control **'''0.961 ~ 0 . 0 8 6 6 7 7 ~ ' ' ' 1 . 0 5 6 “ 0 . 0 5 0 8 0 9 ''°''1.051 “ 0 . 0 3 4 4 2 2 
^ a,c'ui.037~"0.069417 ~ ~ ° ’ � 1 . 1 1 7 ~0 . 0 6 4 0 7 5 ~ ~ ' ' ^ . 1 0 4 ~ 0 . 0 8 0 2 4 3 
C4 a,dQ848 0.000943 '0.883 0.077822 ' ' ^ .932 0.014384 
C6 a’do865 0.007874 '0.855 0.094879 ^ . 8 6 4 0.061259 
C8 bQ.639 0.099178 ^ .622 0.037709 '0.705 0.121853 
^ ***N.D. ! m K D . WD. N ^ WD. 
C12 N.D. N.D. N.D. N.D. N.D. N.D. 
C14 N.D. N.D. N.D. N.D. N.D. N.D. 
^ a'aQ.856 ““0.003399 “ “ ' ' ' 0 . 8 7 5 ~ 0 . 0 0 7 5 8 7 ~ ° ' ' 0 . 8 8 6 ~ 0 . 0 0 6 5 4 9 
C18 ' ' ^ .890 0.037809 '''0.956 0.040836 "'^.971 0.002449 
C20 '1.138 0.135591 ^1.206 0.120698 '1.185 0.113567 
C22 a，c’dio2i 0.036341 ^''''1.081 0.059874 ''^''1.088 0.062622 
C24 dQ 922 0.014974 '' '0.960 0.009534 ' ' ^ .953 0.010033 
«/ 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
column (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
Supplemented Average *S.D. Average S ^ Average S ^ . 
Control **'''0.625 ~ 0 . 0 7 1 6 8 6 ^ 0 ^ “ 0 . 1 1 0 2 8 5 ' ' '0.840 ~ 0 . 0 8 5 8 5 3 
^ a’°’％.738 ~"0.117395 ~~''"0.814~~0.104952 "" ' ' °0 .842 ~~0.102636 
C4 a,dQ.879 0.072766 ''^''0.949 0.134515 ' ' ^ . 945 0.117239 
C6 '0.479 0.106528 '0.594 0.088247 '0.585 0.072986 
C8 ' ' ^ .849 0.031983 ''^''0.932 0.036914 ' ' ^ . 976 0.039598 
CT5 ***N.D. RD： RD： RD： W u . WD. 
C12 N.D. N.D. N.D. N.D. N.D. N.D. 
C14 N.D. N.D. N.D. N.D. N.D. N.D. 
CT5 °'"1.004 0.10142 °''''1.127 ~~0.139516 ''^1.046 0.23311 
C18 ' ' ^ .851 0.024784 ''^''0.896 0.065772 ' ' ^ . 8 0 7 0.088771 
C20 ' ' ^ .791 0.106837 ''^''0.914 0.117735 ' ' ^ . 9 3 0 0.099231 
C22 ^'^1.065 0.086723 ^1.352 0.091994 h . 2 0 9 0.240012 
C24 ^1.119 0.202337 ''^1.237 0.244963 h . 2 0 0 0.334917 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a"，"b", etc. within the same 
colunui (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. 
87 





Control C2 C4 C6 C8 C10 C12 C14 C16 C18 C20 C22 C24 
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“ 
Fig.34. A summary of change in hydrocarbon affinity on n-hexadecane of Nocardia sp. CU-2 
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Fig.35.A summary of change in hydrocarbon affinity on n-octane of Nocardia sp. CU-2 
culturing in NB with time. Each bar represents mean value 土 1 standard deviation of 
triplicates. 
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Fig.36. A summary of change in hydrocarbon affinity on pxy lene of Nocardia sp. CU-2 
culturing in NB with time. Each bar represents mean value 土 1 standard deviation of 
triplicates. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affmity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
supplemented Average *S.D. Average Slo! Average s 3 ! 
Control **'0.930 ” 0 . 0 4 0 2 3 3 ^0950 “ 0 . 0 3 7 5 0 9 '0.966 “ 0 . 0 4 7 9 5 4 
^ "0 l58 ~~0.150043 ^ 0 l l 6 ““0.157875 ^ O J ^ ““0.085779 
C4 '0.892 0.12893 ^ .999 0.187635 '1.047 0.219351 
C6 '0.920 0.103898 '0.947 0.103782 '0.967 0.104385 
C8 '0.937 0.144232 '0.999 0.15704 '1.068 0.155308 
CTO ***N.D. N ^ RD： RD： K U . RD； 
C12 N.D. N.D. N.D. N.D. N.D. N.D. 
C14 N.D. N.D. N.D. N.D. N.D. N.D. 
^ ^ T ^ ^^0.036851 ^ 0 ^ ~~0.048249 '0.968 ~ 0 . 0 3 4 3 7 4 
C18 '1.133 0.068733 '1.096 0.028674 '1.105 0.019613 
C20 '1.227 0.041476 '1.159 0.110545 '1.170 0.104176 
C22 '1.114 0.135132 '1.173 0.134016 '1.203 0.101403 
C24 '0.995 0.165229 '0.907 0.046311 '0.93,3 0.012658 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
colunm (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
supplemented Average *S.D. Average Slo! Average ^D. 
Control **'0.841 ~~0.056097 ^0^45 “ 0 . 0 2 9 6 7 6 '0.863 ~ 0 . 0 4 2 9 7 5 
^ ^ T m ~~0.152469 ~~ ' ' °1 .204 0.16938 '1.209 ~~0.161972 
C4 '1.110 0.201283 ''M.189 0.164228 '1.204 0.140517 
C6 '1.148 0.272521 ' ' ^ .199 0.238292 '1.235 0.259864 
C8 '0.859 0.282987 ' ' ^ .928 0.227045 '1.142 0.102808 
^ ^ 0 ^ ^ 0 . 1 2 4 2 1 8 ~~a,DQ.93i ~"0.158224 '0.962 ~~0.178395 
C12 '0.845 0.112055 ' ' h .019 0.097301 '1.148 0.147799 
C14 '1.308 0.006683 h . 3 5 3 0.037851 '1.297 0.163569 
^ T ^ ~~0.039331 ^ a ’ � 1 . 0 7 1 ~~0.038664 ^TM3 0.04655 
C18 '1.128 0.046335 ' ' h . l 7 9 0.055241 '1.201 0.054485 
C20 n.254 0.148491 ''^.277 0.15298 '1.327 0.146793 
C22 '1.171 0.054051 ' ' ^ . 187 0.058163 '1.199 0.053331 
C24 n .287 0.036372 ' ' ^ . 301 0.033866 '1.309 0.021276 
“ 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a"，"b", etc. within the same 
column (Tukey's test at P = 0.05). 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affmity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
supplemented Average *S.D. Average s 3 ! Average ^D. 
Control **a'DQ.998 “ 0 . 1 2 9 4 4 1 ~ ' ' ° 1 . 0 3 9 “ 0 . 1 4 7 5 1 3 “ ' ' ' 1 . 0 3 3 ~ 0 . 1 3 8 0 5 1 
C2 ''"1.027 ~"0.001247 ““''°1.173 ““0.125698 ~~''°1.207 ““0.158032 
C4 a，bioi3 0.111896 a，bio83 0.054778 ' ' ^ .105 0.05739 
C6 a’bo 955 0.093528 ''^.005 0.089123 ''^.'014 0.094912 
C8 a’bio95 0.04125 ''h.239 0.03937 ''h.296 0.044048 
^ ^ 0 ^ ““0.060022 ^ 0 ^ 0.10791 ^0.931 ~"0.142689 
C12 a’bio46 0.051912 ' ' ^ .124 0.075495 ' ' ^ .146 0.085613 
C14 h . l 8 7 0.076648 h.333 0.107316 M.376 0.123946 
^ ' ' '0.915 0.04246 " 0 9 ^ ~"0.049071 "““ ' ' '0 .977 ““0.064313 
C18 ''^.869 0.07897 '0.920 0.068956 '0.940 0.087971 
C20 a'bQ.919 0.127886 ' ' ^ .980 0.140903 ' ' h .006 0.173667 
C22 a,bQ972 0.122478 ' 'h .018 0.136597 ' ' ^ .035 0.133239 
C24 a’bo992 0.12371 ' ' h .054 0.131048 ' ' ^ .078 0.155318 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
column (Tukey's test at P = 0.05). 
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Fig.37. A summary of change in hydrocarbon affmity on n-hexadecane of Nocardia sp. CU-2 
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Fig.38.A summary of change in hydrocarbon affinity on n-octane of Nocardia sp. CU-2 
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Fig.39. A summary of change in hydrocarbon affinity on p-xylene of Nocardia sp. CU-2 
culturing in MM with time. Each bar represents mean value 土 1 standard deviation of 
triplicates. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane /;-Xylene 
Supplemented " " A v e r a g e “ *S.D. Average S ^ . Average S ^ . 
Control **導0.642 “ o . 2 2 7 8 1 5 ^ O l ^ “ 0 . 2 0 4 4 0 5 '0.663 ~ 0 . 1 9 4 9 9 2 
0 a’�0.562 ^^0.022465 ^ 0 ^ 0.09117 ^ O l ^ 0.08696 
C4 ' ' '0.808 0.070005 '0.909 0.084823 '0.887 0.102014 
C6 a,b,CQ.677 0.132276 '0.639 0.218135 '0.704 0.14242 
C8 a’b’eo752 0.021924 '0.823 0.068612 '0.806 0.081594 
CTO a,D,CQ.623 ~~0.094372 ^ 0 ^ “ “ 0 . 0 8 0 0 2 2 '0.718 0.11941 
C12 ***N.D. N.D. N.D. N.D. N.D. N.D. 
C14 ^0.447 0.125805 '0.531 0.164723 '0.543 0.167237 
^ ''°''0.673 ~"0.123511 " 0 ^ 0.26049 ^0M6 ~~0.249852 
C18 a’b’eo79i 0.064348 '0.902 0.090341 '0.870 0.109378 
C20 ''^''0.812 0.07934 '0.924 0.147563 '0.915 0.163831 
C22 ' ' '0.877 0.078291 '0.955 0.107003 '0.965 0.098625 
C24 '0.984 0.050888 '0.985 0.035975 M.010 0.032294 
•‘ 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
column (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane /7-Xylene 
supplemented Average *S.D. Average S ^ Average S ^ 
Control **'0.580 “0.046094 ^ 0 ^ “ 0 . 0 6 1 1 6 1 '0.610 “ 0 . 0 5 2 1 9 8 
C2 ^ O l ^ ““0.093091 ~~a’�0.621 ““0.104404 '0.616 ~~0.091225 
C4 ^ .636 0.130806 ' ' ^ .649 0.128191 '0.662 0.126228 
C6 '0.718 0.269006 ' ' ^ .726 0.275906 '0.724 0.308148 
C8 '0.726 0.089667 ' ' ^ .765 0.083142 '0.716 0.154144 
^ ^ 0 ^ “ “ 0 . 1 4 9 4 2 2 ~~~''°0.701 ^^0.125294 '0.737 ““0 .132749 
C12 ***N.D. N.D. N.D. N.D. N.D. N.D. 
C14 '0.733 0.147552 ' ' ^ .802 0.15535 '0.866 0.181499 
^ " 0 M ~ ~ 0 . 1 8 5 2 2 3 ~ " ' ' ' 0 . 7 7 1 ~"0.213571 '0.721 ~~0.238121 
C18 '0.791 0.11231 a,bQ8i7 0.104704 '0.874 0.079837 
C20 '0.949 0.120167 ' ' ^ .996 0.109232 '0.994 0.12902 
C22 '1.076 0.10147 ^1.108 0.113576 '1.124 0.106584 
C24 '1.011 0.059202 ' 'h.059 0.045051 '1.068 0.034413 ： 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a", "b", etc. within the same 
column (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. '" 
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Table 17. Effect of fatty acids on the hydrocarbons affinities of Nocardia sp. CU-2 in n-
hexadecane, n-octane and ；？-xylene in pure culture of SS on Day 6. 
Hydrocarbon Affinity 
Fatty acids n-Hexadecane n-Octane p-Xylene 
supplemented Average S.D. Average S.D. Average S.D. 
Control *aQ.814 0.17465 ^ 0 ^ “ 0 . 1 5 4 2 7 5 '0.835 ” 0 . 1 3 8 4 5 4 
0 ^ ^ ““0.155483 ^OJl8 0.14779 '0.854 0.10496 
C4 '0.972 0.152029 '1.024 0.179736 '1.028 0.184288 
C6 '0.786 0.10458 '0.836 0.101196 '0.804 0.140039 
C8 '0.875 0.052156 '0.925 0.044505 '0.891 0.012658 
UT5 ^ ^ W i “^0.081557 ^ 0 ^ ““0.064675 '0.997 ^ 0 . 0 5 3 7 8 4 
C12 **N.D. N.D. N.D. N.D. N.D. N.D. 
C14 '0.738 0.041708 '0.873 0.085768 '0.877 0.075947 
^ ^ ; M ~~0.098253 ^ ^ ““0.132706 ^ 0 ^ ~ 0 . 1 9 8 4 2 8 
C18 '0.831 0.084144 '0.875 0.079943 '0.896 0.073973 
C20 '0.792 0.07226 '0.847 0.064819 '0.848 0.055913 
C22 '0.762 0.106962 '0.820 0.097184 '0.860 0.06413 
C24 '0.953 0.064002 '0.977 0.104907 '0.965 0.087377 
,• 
* S.D. stands for standard deviation. 
** Results represented by mean value of triplicates. Null hypothesis of no difference is tested by one way 
ANOVA. Statistically identical groups are designated small letters like "a"，"b", etc. within the same 
colunui (Tukey's test at P = 0.05). 
*** N.D. stands for non-detectable. '" 
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Fig.40. A summary of change in hydrocarbon affmity on n-hexadecane oiNocardia sp. CU-2 
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Fig.41.A summary of change in hydrocarbon affinity on n-octane of Nocardia sp. CU-2 
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Fig.42. A summary of change in hydrocarbon affinity on ;7-xylene of Nocardia sp. CU-2 
culturing in SS with time. Each bar represents mean value 土 1 standard deviation of 
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4.8 Effects of fatty acids on the filamentous growth, nocardial growth, foaming 
abilities and settling abilities of activated sludge in batch cultures of foaming and 
non-foaming samples. 
Effects of three fatty acids on the growth of filamentous bacteria and nocardial cells 
were studied. Also, the foaming and settling abilities of sludge were determined. C4, C12 
and C22 fatty acids were chosen as representatives for SC, MC and LC fatty acids in batch 
cultures. 
4.8.1 The filamentous growth of activated sludge 
Filamentous growth in activated sludge was classified into seven categories according 
to Table 5 in Section 3.9. Abundance of these filaments in activated sludge showed the 
growth of mixed populations of filamentous microorganisms (Richard et al., 1985; Foot and 
Forster, 1994). The abundance of these filaments in foaming mixed liquor was generally 
higher than the non-foaming one as shown in Table 18. When compared with control, 
supplements of SC and LC fatty acids, C4 and C22, stimulated the growth of filamentous 
microorganisms in foaming mixed liquor while all three fatty acids, C4, C12 and C22, could 
enhance the growth of filaments in non-foaming sample. 
“ 
4.8.2 Nocardial count 
Nocardial count, on the other hand, focused on the populations of foaming Nocardia 
spp., including the major foaming bacterium, Nocardia sp. CU-2 supplemented in the test. 
Higher abundance of nocardial filaments suggested to be stimulated by the presence of MC 
and LC fatty acids (Wong and Chung, 1993a). Similar trend was observed in this study. 
Results of nocardial count with different fatty acids in foaming and non-foaming mixed 
liquor were shown in Figs. 43 — 44. Due to the addition of extra cells of Nocardia sp. CU-2, 
the initial nocardial count on Day 0 for both foaming and non-foaming samples were similar, 
suggesting that the difference between the amount of nocardial cells in two samples was 
small at the very beginning. 
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Table 18. Effects of fatty acids on filamentous growth of foaming and non-foaming mixed 
liquor. 
Filamentous categories (1-7) 
Fatty acids Foaming sample Non-foaming sample 
supplemented 2 days 4 days 6 days 2 days 4 days 6 days 
*Control (1) 3 ^ 3 J T 2 2 ~ 
Control (2) 3-4 3 3-4 2 2 1-2 
C4(1) 5 ^ 3A 4 ^ 2 3 T 
C4 (2) 5 3-4 5 . 1 2-3 3 
c i 2 ( i ) 3 2i> 3 ^ 2 ^ ^ r r 
C12 (2) 3-4 3 4 2-3 3 2-3 
C22 (1) 4 4 5 3 ^ 3 2 
C22 (2) 3 3-4 5 3 3-4 2 
* Results ofboth duplicates were shown because mean values could not be calculated as categories are 
divided into seven concrete groups. 
• • 
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Fig.43. Effects of fatty acids on the growth of nocardial populations in foaming mixed liquor. 
Each point represents mean value 土 1 standard deviation of five replicates counting 
for duplicate samples. ‘ 
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Fig.44. Effects of fatty acids on the growth of nocardial populations in non-foaming mixed 
liquor. Each point represents mean value 土 1 standard deviation of five replicates 
counting for duplicate samples. • 
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Effects of fatty acids on nocardial growth of both samples were very similar except 
control. Nocardial count of control increased continuously from Day 0 to Day 6 for foaming 
sample but only increased slightly on the first two days for non-foaming one. Nocardial 
growth in foaming samples with C12 or C22 were similar to control while for non-foaming 
sample, nocardial cells grew well with C12 and C22 until Day 4 but nocardial count dropped 
abruptly on Day 6. Poorest growth of nocardial populations was observed for both samples 
fed with C4. The nocardial count for them was significantly lower than those fed with C12 
and C22. And among the foaming and non-foaming samples supplemented with C4, 
nocardial count in foaming sample was higher. There was even no growth observed 
throughout the test for non-foaming sample. 
4.8.3 Foam ratings 
Better growth of nocardial populations usually resulted in a higher probability of 
bacterial foam (Vega-Rodriquez, 1983; Ho and Jenkins, 1991). A member of SC fatty acids, 
C4, showed inhibitory effect on the growth of nocardial populations, also resulted in low 
foam ratings all the time for both foaming and non-foaming sludge. On the other hand, C12 
and C22 fatty acids always gave enhancements in both nocardial populations and foam 
ratings. The foam resulted in mixed liquor was similar to that in pure culture of Nocardia sp. 
CU-2. In higher foam ratings (5-7), most sludge had been floated up to the upper layer by the 
compressed air, leaving a clear solution layer at the bottom. This showed the high 
hydrophobicity of sludge. For lower foam ratings (<4), the foam density resulted was much 
lower and also the stability. 
Effects of fatty acids on the foam ratings at different cultivation periods for both 
foaming and non-foaming samples were shown in Figs. 45 - 46. Foam ratings obtained for 
C12 and C22 were the same throughout the test and so the curves for both samples 
overlapped. Figs. 47 - 48 showed an example for high foam rating and an example for low 
foam rating. 
4.8.4 Sludge settling ability 
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Fig.45. Effects of fatty acids on foam ratings of foaming mixed liquor. 
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Fig.46. Effects of fatty acids on foam ratings of non-foaming mixed liquor. 
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Fig.47. Observation of mixed liquor with high foam rating. 
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Fig.48. Observation of mixed liquor with low foam rating. 
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Change in sludge settling ability could be monitored by the change in their SVI. 
Results of SVI for both samples fed with three different fatty acids were shown in Fig. 49. 
Normal SVI ranged from 50 - 150 mg/L. Results showed that fatty acids supplements had 
worsened the settling ability of sludge. Also, higher SVI was always resulted for the non-
foaming samples with same fatty acid supplemented. 
•• 
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Fig.49. Effects of fatty acids on SVI of foaming and non-foaming mixed liquor after 




5.1 Growth studies on type strain Nocardia amarae ATCC 27810，isolated major 
foaming bacterium, Nocardia sp. CU-2 and non-foaming bacterium, Aeromonas 
sp. CU-1 
Both Nocardia amarae ATCC 27810 and Nocardia sp. CU-2 were slow growers with 
doubling times greater than 10 h. However, Nocardia sp. CU-2 grew relatively faster than 
the type strain Nocardia amarae ATCC 27810. This explains why this bacterium has 
outgrown the commonest foam former, Nocardia amarae, which was found years before 
(Chung, 1992) and became the most dominant foaming bacterium in the Sha Tin Sewage 
Treatment Works. 
When comparing the growth rates and growth yields of Nocardia sp. CU-2 to 
Aeromonas sp. CU-1, the fast growing non-foaming Aeromonas sp. CU-1 had definite 
advantage over the slow growing foam former, Nocardia sp. CU-2. The task is to identify 
the factors that allowed the foaming Nocardia sp. CU-2 to become the dominant species 
when bacterial foam broke out. 
•• 
5.2 Effects of fatty acids on growth kinetics ofNocardia sp. CU-2 and Aeromonas sp. 
CU-1 in pure culture 
Grease and oils has been suggested to be the major substrates causing the 
overpopulation of foaming bacteria (Lemmer and Baumann, 1988; Chung, 1992; Chua and 
Le, 1994). Fatty acids, with C12 to C24, are commonly produced by microbial hydrolysis of 
grease and oils. These fatty acids often account for more than 30% by weight of the total 
organic content in municipal sewage and the percentage can be much higher in food-
processing waste waters (Fatoki and Vemon, 1989; Wong and Chung, 1993; Bridoux et al., 
1994). Therefore, in order to determine the effect of grease and oils on nocardial growth and 
bacterial foam formation, even-number fatty acids ranging from C2 to C24 were used to 
determine their effects on the growth o fbo th Nocardia sp. CU-2 and Aeromonas sp. CU-1 in 
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the following studies. Effects of short-chain (SC), medium-chain (MC) and long-chain (LC) 
fatty acids were compared. 
5.2.1 Inhibitory effects o f M C fatty acids on growth ofNocardia sp. CU-2 
MC fatty acids (C10 — C14) posed very severe negative impacts on the growth of 
Nocardia sp. CU-2. It could not grow in NB supplemented with these fatty acids. Therefore, 
specific growth rates and lag phase periods for these fatty acids could not be determined. The 
phenomenon could be explained by the inhibitory effects of these MC fatty acids on Gram 
positive bacteria. 
The inhibitory effects of MC fatty acids were also' observed on another foaming 
bacterium, Rhodococcus rubra. Khan and Forster (1991) showed that R. rubra did not grow 
on C10 and C12 fatty acids (either as the free fatty acids or the sodium salts). They 
suggested that the results could be explained on the basis of the inhibitory potential of 
medium chain fatty acids described by Galbraith et al. (1971). They ranked the inhibitory 
effects of six fatty acids as C8 < C10 < C12 - C14 > C16 - C18 and explained the order on 
the basis ofwater solubilities and lipophilic activities. 
5.2.2 Effects of fatty acids on specific growth rates “ 
For Nocardia sp. CU-2, specific growth rates with LC fatty acids were generally 
lower than with SC fatty acids. Chua et al. (1996) also reported a similar trend that when 
Nocardia amarae was cultured with different fatty acids. The maximum specific growth 
rates were higher with SC fatty acids. ' 
However, there is a limitation in the experimental design that caused an error in 
determining the specific growth rates. Cells of Nocardia sp. CU-2 did not suspend well in 
the medium when fatty acids, especially LC fatty acids, were supplemented. The cells 
appeared as precipitates in the medium and as a result, absorbance obtained was 
underestimated, especially for LC fatty acids. In conclusion, the specific growth rates of 
Nocardia sp. CU-2 with LC fatty acids may not be actually lower than with SC fatty acids 
although results showed this trend. 
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5.2.3 Length of lag phase 
Results showed that Nocardia sp. CU-2 started to grow exponentially in a shorter 
period of time when cultured with LC fatty acids. As LC fatty acids are more hydrophobic 
than SC fatty acids, the bacterial cells of Nocardia sp. CU-2 were more likely to settle on 
these fatty acids particles for stabilization before entering the log phase. The fat attachment 
by nocardioforms was well documented (Lemmer, 1986; Bendt et al., 1989). Therefore, 
Nocardia sp. CU-2, with LC fatty acids supplements, could directly stick on their energy 
sources for nutrition and stabilize themselves quickly to pass the lag phase period in a shorter 
period of time. 
For Aeromonas sp. CU-1, there was no direct relationship between the duration oflag 
phase periods and the chain length of fatty acids. However, all cells with fatty acids 
supplements had shorter lag phases than control. Therefore, it was suggested that fatty acids 
could assist the cells to stabilize themselves in a shorter period oftime. 
5.2.4 Kinetic selection of Nocardia sp. CU-2 and Aeromonas sp. CU-1 
Except for Nocardia sp. CU-2 growing with SC fatty acids, the specific growth rates 
ofboth bacteria were inhibited by all fatty acids. Nocardia sp. CU-2 grew faster in SC fatty 
acids than in LC. Aeromonas sp. CU-1 showed opposite results. It grew faster in MC and 
LC fatty acids than in SC fatty acids. Therefore, the presence of grease and oils in sewage 
would increased the amount of LC fatty acids but would not enHance the specific growth 
rates of Nocardia sp. CU-2. Moreover, whichever types of fatty acids were supplemented, 
the specific growth rates obtained were still too low to compete with Aeromonas sp. CU-1. 
However, when considering the effects on lag phase periods together with specific 
growth rates, the effects of LC fatty acids on the dominance of Nocardia sp. CU-2 among 
other populations in activated sludge will become more positive. When growing with LC 
fatty acids, the lag phase of growth of Nocardia sp. CU-2 was significantly reduced. This 
characteristic is very important for a slow grower to compete with other fast-growing species 
like Aeromonas spp., especially in carbon source limiting conditions like raw sewage (Gujer 
and Kappeler, 1992; Cloete and Muyima, 1997). With the supplements of LC fatty acids, 
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Nocardia sp. CU-2 can start to grow exponentially in a shorter period of time. The 
availability of nutrients and space for them at that time was much higher. In such cases, the 
probabilities of Nocardia sp. CU-2 to overgrow or coexist with Aeromonas sp. CU-1 are 
much greater. Details of competition between Nocardia sp. CU-2 and Aeromonas sp. CU-1 
will be discussed later in Section 5.4. 
5.3 Effects of fatty acids on growth yields of Nocardia sp. CU-2 and Aeromonas sp. 
CU-1 in pure culture 
5.3.1 Growth of Nocardia sp. CU-2 and Aeromonas sp. CU-1 in different media 
Poor growth of Nocardia sp. CU-2 and Aeromonas sp. CU-1 in SS verified that 
primary settled sewage was not a good medium for growth for both bacteria. Segerer (1984) 
reported that two common foaming bacteria, Nocardia amarae and Rhodococcus rubra, did 
not grow in sterile raw sewage without the addition of a carbon source. Also, if no extra 
carbon source was supplemented, both Nocardia sp. CU-2 and Aeromonas sp. CU-1 could 
not grow in SS. 
Nocardia sp. CU-2 did not grow well in NB although it contained the greatest amount 
of nutrients. It preferred MM, a medium with only ethanol and fatty acids as carbon sources. 
One suggested reason was that the carbon sources provided were more than sufficient. Thus, 
availability of carbon sources was no longer the limiting factor for growth. Some other 
growth factors like ammonium ions and minerals contributed to the highest growth yields of 
Nocardia sp：> CU-2 in MM. •-
Another reason was related to the nutritional characteristic of Nocardia sp. CU-2. 
Just like other nocardioforms, Nocardia sp. CU-2 was versatile in its substrate demand. It 
preferred some nutrients selectively accessible to it (Lechevalier and Lechevalier, 1974; 
Lemmer and Kroppenstedt, 1984). Nocardia sp. CU-2 did not grow very well in NB even 
though this medium provided it with a lot of highly accessible nutrients like beef extract and 
peptone. On the other hand, it chose another medium with a less common carbon source, 
ethanol. This characteristic assists Nocardia sp. CU-2 in its coexistence with other fast 
growing species by allowing it to avoid direct competition for easily accessible nutrients with 
those fast growing microorganisms. 
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5.3.2 Effects of fatty acids on Nocardia sp. CU-2 
From the results obtained, Nocardia sp. CU-2 could utilize LC fatty acids better in 
medium with less nutrients available. For a rich medium such as NB, cells grew significantly 
better with SC fatty acids than with LC. The differences between SC and LC fatty acids in 
MM were smaller when compared with NB. For SS, cells did not grow as well as in NB and 
MM but cell yields were similar for different fatty acids. Among all, the longest fatty acids, 
C22 and C24 had the best yields. 
These phenomena could be explained by the availability of nutrients. In NB, there 
were abundant of nutrients that Nocardia sp. CU-2 could use. It was not strange that the cells 
would be less likely to use the more complicated LC fatty acids. But in MM and SS, they 
had only ethanol and fatty acids as their carbon sources. Because of this, they will rely more 
heavily on these two energy sources. From here, the stimulatory effects o f L C fatty acids on 
the growth of Nocardia sp. CU-2 were observed more clearly. The cell yields obtained in 
MM were similar for both SC and LC fatty acids. That means Nocardia sp. CU-2 could 
utilize LC fatty acids better in MM than in NB. And in SS, cell yields were highest for the 
two longest fatty acids tested. 
Another suggestion for the difference in effects of fatty acids in different media was 
the inhibitory effect by MC fatty acids in different media. Results shown that inhibitory 
effect o f M C fatty acids was the greatest in NB and followed by MM. SS did not showed any 
inhibitory effect of MC fatty acids. In the degradation of a fatty acid, two carbons were 
cleaved each time. Therefore, during the break down of a long chain fatty acid molecule, a 
MC fatty acid molecule will always be formed as an intermediate. The inhibitory effect of 
this MC fatty acid molecule will stop the growth of cells in NB and so a lower yield would be 
obtained. For MM, the inhibitory effect was smaller. And for SS, the fatty acid molecule 
could then be completely broken down and so Nocardia sp. CU-2 could completely utilize it. 
And therefore, Nocardia sp. CU-2 was shown to utilize LC fatty acids the best in SS and the 
worst in NB. 
SS was sampled directly from the Sha Tin Sewage Treatment Works, where Nocardia 
sp. CU-2 was isolated. Presence of grease and oils in raw sewage will increase the amount of 
LC fatty acids (Grulois et al,, 1993; Gonzalez Casado et al., 1998). Experimental results 
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showed that LC fatty acids, especially C22 and C24 obtained the highest cell yields. This 
promotion, ifled to overpopulation of this foaming bacterium, will result in bacterial foaming 
problem in sewage treatment plant. 
5.3.3 Effects of fatty acids on Aeromonas sp. CU-1 
Results showed that effects of fatty acids on the growth yields of Aeromonas sp. CU-1 
in NB and MM were not significant. Like Nocardia sp. CU-2, Aeromonas sp. CU-1 utilized 
LC fatty acids better in poor medium like SS. However, LC fatty acids not only promoted 
the growth of Nocardia sp. CU-2, but also Aeromonas sp. CU-1. As a result, overpopulation 
of foaming Nocardia sp. CU-2 may not be resulted from supplements o f L C fatty acids. The 
fate of competition between Nocardia sp. CU-2 and Aeromonas sp. CU-1 would not be 
known except they were cultured in mixed cultures. This will be discussed in the coming 
section. 
5.4 Effects of fatty acids on growth yields of Nocardia sp. CU-2 and Aeromonas sp, 
CU-1 in mixed culture 
Overpopulation of foaming bacteria like Nocardia species was sugge3ted to be the 
major cause ofbacterial foaming (Blackall, 1987; Ho and Jenkins, 1991; Jenkins et al., 1993; 
Wong and Chung, 1993a). Competition always occurs between populations in activated 
sludge as they are sharing the same habitat (Atlas, 1997). Presence of grease and oils 
increases the amount o f L C fatty acids in sewage (Baneiji et al., 1974; Wong and Chung, 
1993b; Bridoux et al., 1994). From the results ofprevious sections, the effects of these LC 
fatty acids on Nocardia sp. CU-2 and Aeromonas sp. CU-1 varied greatly in different media. 
Effects of fatty acids on the growth ofboth bacteria in mixed cultures in different media were 
determined. The fate ofcompetition between the major foaming and non-foaming bacteria in 
activated sludge could then be evaluated. 
5.4.1 Effects of fatty acids in NB 
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No cells of Nocardia sp. CU-2 were harvested from the mixed culture in NB, 
including control and all fatty acids supplements. This showed that Aeromonas sp. CU-1 
won the competition and completely excluded Nocardia sp. CU-2. On the other hand, the 
cell yields of Aeromonas sp. CU-1 was reduced to only about half of those in pure cultures. 
This suggested that presence of Nocardia sp. CU-2 still posed adverse effects on the growth 
ofAeromonas sp. CU-1 although the cell yields of this foaming bacterium were too low to be 
detected. 
Effects of fatty acids on cell yields of Aeromonas sp. CU-2 were not significant. It 
was different from that observed in pure culture. Stimulatory effects of LC fatty acids were 
not observed. In greater competition, Aeromonas sp. CU-1 had lower preferences on 
choosing different fatty acids as carbon source in order to gain greater competing ability. 
5.4.2 Effects of fatty acids in MM 
Unlike the case in NB, both bacteria coexisted in most fatty acids supplements when 
cultured in MM (Table 7). Nocardia sp. CU-2 had a great drop in cell yields compared to 
pure cultures. There are exceptions for MC fatty acids. Because all cell cultures had been 
incubated for seven days, there was enough time for the bacterial cells to pass the long lag 
phase with MC fatty acids. Aeromonas sp. CU-1 also had a drop in cell yields for all fatty 
acids but to a smaller extent than Nocardia sp. CU-2, except with C20 - C 2 4 . ' ' 
Difference in growth yields of Nocardia sp. CU-2 were insignificant for most fatty 
acids except C6 and MC fatty acids. They had lower cell yields than the others, showing that 
the inhibitory effects o f M C fatty acids still existing. For Aeromonas sp. CU-1, there were no 
significant differences in the cell yields between SC and MC fatty acids but yields were lower 
with LC fatty acids, especially C20 - C24. 
For SC, MC and shorter LC fatty acids, Aeromonas sp. CU-1 had higher cell yields 
than Nocardia sp. CU-2. It is mainly because Aeromonas sp. CU-1 is a fast growing species 
and so can take this advantage in the competition for nutrients and space. However, this 
suggestion could not be applied on C20 - C24 fatty acids. With these fatty acids, Nocardia 
sp. CU-2, though did not have very high cell yields, nearly completely excluded Aeromonas 
sp. CU-1 in the mixed cultures. These results agreed to some studies suggesting that 
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presence of grease and oils can improve the competing abilities of foaming bacteria in 
activated sludge (Lemmer, 1986; Bendt et al, 1989; Wong and Chung, 1993a; Chua et 
al,X9%). 
Therefore, as the primary degradation products of grease and oils, LC fatty acids have 
their roles in promoting the outgrowth of foaming bacteria like Nocardia sp. CU-2 against 
other non-foaming strains like Aeromonas sp. CU-1. This will result in the dominance of 
foaming bacteria in the populations in activated sludge and causing the bacterial foam to 
break out. 
5.4.3 Effects of fatty acids in SS 
When culturing in SS, Nocardia sp. CU-2 completely excluded Aeromonas sp. CU-1. 
This was surprising as the fast growing Aeromonas sp. CU-1 was normally a better 
competitor. This phenomenon happened for control and all fatty acids supplemented, 
suggesting that some substrates in sewage favored the growth of Nocardia sp. CU-2, and at 
the same time, inhibited the growth of Aeromonas sp. CU-1. 
For the mixed culture study in NB, although Nocardia sp. CU-2 was also completely 
excluded by Aeromonas sp. CU-1, the growth yields of Aeromonas sp. CU-1 -obtained were 
greatly reduced. However, cell yields of Nocardia sp. CU-2 were only slightly reduced in 
this case. Evidence proved that the inhibitory effects on the growth oiAeromonas sp. CU-1 
by substrates in SS were very serious. The effects prevented Aeromonas sp. CU-1 from 
posing any adverse effects on the growth of Nocardia sp. CU-2 in the mixed culture. As 
Aeromonas sp. CU-1 could still grow in SS for pure culture, though with the smallest yield 
among the three media, the inhibitory factors were probably come from the metabolites of 
Nocardia sp. CU-2. 
When comparing the cell yields obtained with different fatty acids, the highest were 
harvested with C22 and C24, however, difference was not significant for most fatty acids 
except C4 and C14. Therefore, effects of fatty acids on the growth of Nocardia sp. CU-2 in 
mixed culture in SS were not significant. 
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5.5 Effect of fatty acids on the propensity of foam formation of Nocardia sp. CU-2 
growing with different fatty acids 
Cultures of Nocardia sp. CU-2, whichever fatty acids they were growing with, had 
shown their propensity to foam. The foaming abilities of nocardial cells were also well 
documented in some other studies (Wheeler and Rule, 1980; Vega-Rodriquez, 1983; Blackall 
et al., 1985; Wong and Chung, 1993b; Chua and Le, 1994). 
Cell yields of Nocardia sp. CU-2 culturing in MM had no significant differences 
among SC, MC and LC fatty acids. However, there were marked differences in foam heights 
between LC fatty acids and the others. Foam heights recorded for Nocardia sp. CU-2 
culturing with LC fatty acids were higher than those for control, SC and MC fatty acids. It 
showed that Nocardia sp. CU-2 fed with LC fatty acids had higher foaming abilities than 
control and SC. The enhancement ofbacterial foaming by grease and oils and some LC fatty 
acids was also reported (Blackbeard et al, 1986; Blackall et al., 1988; Forster, 1992; Wong 
and Chung, 1993b; Chua and Le, 1994). 
Hydrophobic particles, which are one of the major criteria for foam formation in froth 
flotation theory (Honda, 1983; Lemmer, 1986; Pretorius and Laubscher, 1987), were usually 
referred as the foaming microorganisms present in activated sludge (Leja, 1982; Blackall, 
1987; Soddell and Seviour, 1990)，i.e. Nocardia sp. CU-2 in these cases. When culturing 
with different carbon sources, especially with different hydrophobicity like fatty acids with 
different chain length, Nocardia sp. CU-2 may have different hydrophobicity (MacDonald et 
a/.，1980; Soddell and Seviour, 1990; Wong and Chung, 1993b)." This will also affect the 
foam heights resulted (Lemmer, 1986; Slijkhuis and Deinema, 1988; Seviour et al, 1990). It 
was because the hydrophobicity of a particle would affect the buoyancy o f a bubble needed to 
float this particle up to the air-water interface in foam (Dahlback et al., 1981; Leja, 1982). 
Higher hydrophobicity will result in higher foam height and stability. The effects of fatty 
acids on the hydrophobicity of Nocardia sp. CU-2 were studied and discussed in Section 5.6. 
5.6 Effects of fatty acids on hydrocarbon affmity (HA) oiNocardia sp. CU-2 
5.6.1 Differences in HA of Nocardia sp. CU-2 among three hydrocarbons 
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Nocardia sp. CU-2 had similar affinities on n-octane and p-xylene while the affinity 
on n-hexadecane was comparatively lower than the other two. However, effects of fatty acids 
on the HA of cells of Nocardia sp. CU-2 among each hydrocarbon was very similar. Results 
suggested that the hydrophobicity of cells of Nocardia sp. CU-2 was similar to that of n-
octane and p-xylene but less hydrophobic than n-hexadecane. 
5.6.2 Differences in HA of Nocardia sp. CU-2 among three different media 
Nocardia sp. CU-2, when culturing in MM, had the highest HA on all three 
hydrocarbons among NB, MM and SS. HA for cells culturing in NB and SS were similar, 
whichever hydrocarbons on. This suggested that higher availability of nutrients did not 
enhance the hydrophobicity of Nocardia sp. CU-2 cells. Moreover, cells in SS had much 
lower HA than in MM though they had the same carbon source. Because of this, it can be 
suggested that some compositions in MM other than ethanol and fatty acids had enhanced the 
hydrophobicity ofbacterial cells. 
5.6.3 Effects of fatty acids on HA ofNocardia sp. CU-2 
In general, the effects of fatty acids on the hydrophobicity of Nocardia sp. CU-2 
culturing in NB, MM and SS were insignificant. It may be explained by the composition of 
cell wall of Nocardia species. A common Nocardia species, Nocardia asteroides, can be 
quoted as an example. This bacterium contained 30.4% fats, '1.3% crude phosphatide 
fraction, 5.5% ether-insoluble fraction (from the alcohol-ether extract), 1.1% waxes B, 4.7% 
waxes C, and 0.32% waxes D. The total free lipids amounted to about 43% of the dry weight 
o f the bacterium (MacDonald et al. 1981; Soddell and Seviour et al, 1990; Ho and Jenkins, 
1991). Therefore, the cell wall is already highly hydrophobic. Change in hydrophobicity of 
cells oiNocardia sp. CU-2 fed with different fatty acids were not conscious. 
Moreover, Blackall (1987) found that when Nocardia amarae was grown on non-
hydrophobic energy sources, more than 90% of cells partitioned into the hydrocarbon phase 
in the hydrocarbon affinity test of Rosenberg et al (1980). And so it is not surprising that 
Nocardia sp. CU-2 did not have much change in the hydrophobicity of cell walls fed with 
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different fatty acids in different media. Therefore, effects of fatty acids on the change in 
hydrophobicity of cell wall of Nocardia sp. CU-2 were not suggested to be an important 
factor in causing bacterial foam. 
5.7 Effects of fatty acids on the filamentous growth, nocardial growth, foaming and 
settling abilities of activated sludge in batch cultures 
This part of experimental design was aimed at investigating the effects of fatty acids 
on a mixed microbial community in activated sludge rather than only on two representatives, 
Nocardia sp. CU-2 and Aeromonas sp. CU-1. These two bacteria were chosen for their high 
abundance. The real picture can be shown more clearly through these batch cultures. 
5.7.1 Abundance of filamentous microorganisms in activated sludge 
Higher abundance of filaments in foaming mixed liquor compared with non-foaming 
one suggested that some substrates present only in foaming mixed liquor could stimulate the 
growth of the filamentous microorganisms present in activated sludge. Results also showed 
that fatty acids supplemented in raw sewage could favor the growth of these filamentous 
microorganisms. In spite of this, the stimulation ofgrowth of filamentous microorganisms in 
activated sludge might not necessarily enhanced bacterial foaming. It was because not all of 
these filamentous microorganisms were the foaming Nocardia species. To have a better idea 
on the growth of this species in the sludge, nocardial count was performed. 
5.7.2 Nocardial count 
Nocardial cells grew continuously in foaming sample but not for non-foaming one. 
As Nocardia spp. were suggested to be the dominant species in foaming mixed liquor, it was 
not strange that both physical and chemical parameters of this sample such as pH and 
substrate compositions were highly favorable for the growth of nocardial cells. Therefore, 
the nocardial populations in foaming sample could grow continuously despite no fatty acids 
supplements. For the non-foaming sample, if there was no C12 or C22 fatty acid 
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supplemented, growth of nocardial filaments stopped quickly after Day 2. This suggested 
that conditions of non-foaming mixed liquor were not as good as those in the foaming sample 
for the growth of foaming Nocardia species. 
For samples supplemented with C4, nocardial cells generally did not show any 
growth, especially in non-foaming sample. The little growth observed in foaming sample 
was probably due to its favorable growth conditions for nocardial cells. Inhibitory or even 
toxic effect of C4 on the foaming Nocardia species in activated sludge was clearly shown. 
This phenomenon was not observed in pure culture of Nocardia sp. CU-2 and mixed culture 
of Nocardia sp. CU-2 and Aeromonas sp. CU-1 in SS because C4 fatty acid was provided in 
much higher amount (20-fold) in this test than the above tests. Therefore, the inhibitory 
effect o f C 4 on the growth of foaming nocardial cells was more conscious. 
Higher abundance of nocardial filaments was observed when C12 or C22 was fed to 
both samples. When compared to control, enhancement of nocardial growth was more 
significant in non-foaming sample than the foaming sample. As growth factors for nocardial 
cells in non-foaming sample was less favorable than the foaming one, importance of the 
stimulatory effects of C12 and C22 on nocardial growth were more significantly shown. 
However, growth was stopped for foaming sample and a great drop in nocardial count 
resulted for non-foaming one on Day 6. It suggested that, with only MC or LC fatty acids as 
sole carbon source, the growth of nocardial cells could not maintain for a long time. Some 
other substrates, like those present in foaming sample only, was needed to support a 
prolonged growth of these nocardial cells. 
5.7.3 Foam ratings • 
Abundance of nocardial filaments was always suggested to be directly related to the 
height and stability of bacterial foam resulted (Shaw, 1980; Blackall et al., 1989; Jenkins et 
aL, 1993; Wong and Chung, 1993b). However, the hydrophobicity of these nocardial cells, 
the dominance of these populations compared to other microbial populations in activated 
sludge and the presence of surfactants all had their contributions in building up the foam. 
Therefore, nocardial count was not always directly related to the foam ratings in the study. 
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But in general, control and C4, which had lower nocardial population than C12 and C22, also 
had lower foam ratings when compared with the other two fatty acids. 
High and stable foam (about 8 cm and no collapse after aeration) was observed for 
both foaming and non-foaming sludge cultured with C12 and C22 fatty acids. This high 
foam rating was continuously resulted throughout the test except there was a little drop on 
Day 6 for C12 in non-foaming sludge sample. This suggested that they both had similar 
stimulatory effects in enhancing bacterial foaming. 
Control and C4 had similar foam ratings as C12 and C22 initially for foaming sample. 
However, their foam ratings dropped dramatically after two days' incubation. For C4, 
nocardial growth was poor throughout the test and so was the foam rating. However, 
although nocardial population in control grew steadily, its foam ratings could not remain at a 
high level after Day 2. This was likely due to the lack of surfactants that were the products of 
hydrolysis o f M C and LC fatty acids. Therefore, foam did not go high and stable (Fig. 48). 
On the other hand, the foam ratings for non-foaming samples were generally lower 
than C12 and C22 and did not change too much with time. It was because the nocardial 
population for control and C4 in non-foaming sample did not vary too much and so did the 
foam ratings. 
•• 
5.7.4 Sludge settling ability 
SVI showed the settling ability of sludge. The lower the value of SVI, the higher the 
settling ability of sludge. In general, all samples had good sludge settling ability as all values 
were within 100 - 150 mL / g (Fig. 49). Results showed that with the same fatty acid 
supplemented, sludge of foaming sample always had lower SVI than non-foaming one. Also, 
effects of fatty acids were more prominent on foaming samples as the SVI only increased 
more significantly for C22 on non-foaming sample. 
126 
6. Conclusion 
Studies reported that grease and oils promoted the growth of foam causative agents 
like nocardial cells in activated sludge. This enhancement in growth of foaming 
microorganisms was suggested to be one of the major causes in bacterial foaming. 
The differences between the specific growth rates of the major foaming bacterium, 
Nocardia sp. CU-2 and the major non-foaming bacterium, Aeromonas sp. CU-1, were very 
great. Nocardia sp. CU-2 needed more than 10 h to double its population but Aeromonas sp. 
CU-1 could do it in half an hour. Therefore, if favorable conditions with plenty of nutrients 
were provided to both bacteria, whatever the effect of the fatty acids on their specific growth 
rates, the fast growing species was certainly had greater advantage to outgrow the slow 
growing one. Results of mixed culture oiNocardia sp. CU-2 and Aeromonas sp. CU-1 in NB 
agreed with this suggestion. 
What made the slow growing Nocardia sp. CU-2 outgrow the Aeromonas sp. CU-1 
was suggested to be related to the real situation of the habitat where these two bacterial 
strains were isolated. Mixed liquor in sewage treatment plants was a special medium for 
microbial growth. It was generally nutrient limiting and so the availability of nutrients was 
not as high as that in NB. On the other hand, the diversity of nutrients present in sewage was 
comparatively higher as sewage treatment plants received sewage from different sources. 
These two characteristics of sewage provided two important conditions for the 
outgrowth of foaming Nocardia sp. CU-2 over the non-foaming Aeromonas sp. CU-1. With 
lower availability of easily accessible nutrients in MM and SS, the cell yields of pure culture 
of the fast growing Aeromonas sp. CU-1 in these two media were lower than in NB. This 
provided a higher probability of coexistence of two bacteria such as the case shown in mixed 
culture in MM. 
Also, higher diversity of foods in sewage provided a better choice of energy sources 
for both bacteria. The effects of grease and oils on the overpopulation of foaming nocardial 
cells were observed. With LC fatty acids, the primary products of hydrolysis of grease and 
oils, Nocardia sp. CU-2 could nearly completely excluded Aeromonas sp. CU-1 in MM. 
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Similar observations were not observed for the tests with SC and MC fatty acids. This 
showed that LC fatty acids led to outgrowth of foaming Nocardia sp. CU-2 against the non-
foaming Aeromonas sp. CU-1. 
Although effects of MC and LC fatty acids were not clearly shown in mixed culture 
of Nocardia sp. CU-2 and Aeromonas sp. CU-1 in SS, their effects could be further observed 
in mixed liquor tests. From the results of mixed culture in SS, Nocardia sp. CU-2 could 
excluded Aeromonas sp. CU-1 even in control. Therefore, some substrates present in SS 
must had very significant stimulatory effect on the growth of Nocardia sp. CU-2 and the 
effects o f M C and LC fatty acids could not be shown clearly. While in the mixed liquor test, 
sludge fed with C12 and C22 obtained a higher nocardial count than C4 in both foaming and 
non-foaming mixed liquor, showing a better nocardial growth in these MC and LC fatty 
acids. 
Above all, besides the growth of foaming bacteria increased, the foaming abilities of 
both Nocardia sp. CU-2 and mixed liquor were improved also when fed with LC fatty acids. 
Height and stability of foam resulted were increased. Thus, with the same amount of 
nocardial cells harvested, higher and more stable foam was still resulted when cultures were 
fed with LC and sometimes MC fatty acids. 
In conclusion, grease and oils increased the amount of LC fatty acids in activated 
sludge in sewage treatment plants. These fatty acids not only stimulate the growth of 
nocardial filaments in activated sludge, but even allowed nocardial cells to outgrow other fast 
growing floc formers like Aeromonas sp. CU-1. Moreover, foaming abilities of foaming 
bacteria and even the mixed liquor were enhanced. All these will finally lead to 
overpopulation of foaming microorganisms and produce troublesome bacterial foaming 
problem in sewage treatment plants. 
128 
7. Summary 
1. A foaming bacterium, Nocardia sp. CU-2, and a non-foaming bacterium, Aeromonas 
sp. CU-1, were isolated from samples of foam and mixed liquor respectively from the 
Sha Tin Sewage Treatment Works in Hong Kong. 
2. Nocardia sp. CU-2 did not always have right-angled branching like type strain 
Nocardia amarae ATCC 27810. 
3. The foaming bacterium, Nocardia sp. CU-2, grew much slower than the non-foaming 
one, Aeromonas sp. CU-1, in rich medium NB with the salinity o f l 5 ppt. 
4. Except MC fatty acids, both SC and LC fatty acids could support the growth of 
Nocardia sp. CU-2. SC fatty acids showed stimulations on the specific growth rates 
while LC fatty acids showed inhibitions. 
5. All fatty acids tested could support the growth of Aeromonas sp. CU-1. However, all 
grew slower with fatty acids when compared with control that without fatty acids 
supplements. The inhibitory effects were greater for SC than with MC and LC fatty 
acids. 
“ 
6. The lag phase of growth of Nocardia sp. CU-2 was significantly reduced with LC 
fatty^ acids than with SC. Aeromonas sp. CU-1 did not show any relationship between 
chain length of fatty acids with its lag phase periods. 
7. Presence of SC fatty acids stimulated the growth of Nocardia sp. CU-2 in NB. LC 
fatty acids inhibited its growth and MC fatty acids ceased its growth. 
8. Effects of fatty acids were not significant on the growth of Aeromonas sp. CU-1 in 
NB. 
9. Effects of fatty acids on the growth of both Nocardia sp. CU-2 and Aeromonas sp. 
CU-1 in MM were not related to their chain length. 
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10. Both Nocardia sp. CU-2 and Aeromonas CU-1 had the lowest cell yields when 
culturing in SS. Nocardia sp. CU-2 had the highest yields with C22 and C24 acids. 
Differences between MC and LC fatty acids with SC fatty acids were significant for 
Aeromonas sp. CU-1. 
11. For mixed cultures oiNocardia sp. CU-2 and Aeromonas sp. CU-1, Nocardia sp. CU-
2 completely exclude Aeromonas sp. CU-1 in SS and vice versa for NB. Effects of 
fatty acids on the cell yields obtained were insignificant for both media. 
12. When culturing mixed cultures in MM, LC fatty acids including C20 一 C24, Nocardia 
sp. CU-2 completely excluded Aeromonas sp. CU-1. The same phenomenon was not 
observed for all other SC and MC fatty acids. 
13. Although the growth of Nocardia sp. CU-2 was not always stimulated by the presence 
of long chain fatty acids, but the foaming abilities of the cultures grown in the 
presence of long chain fatty acids were significantly greater than those with short 
chain and medium chain fatty acids. 
14. Hydrophobicity of Nocardia sp. CU-2 culturing in NB with C18 and C24 were 
significantly higher than SC fatty acids except C4. 
•• 
15. Effects of fatty acids on the hydrophobicity of Nocardia sp. CU-2 culturing in NB, 
MM and SS were insignificant for most cases in log phase, early stationary phase and 
late stationary phase. 
16. Abundance of filamentous growth in foaming mixed liquor was generally higher than 
non-foaming mixed liquor. Presence of fatty acids was shown to enhance the growth 
of these filamentous microorganisms. 
17. Growth of Nocardia species, a common foam causing bacteria species, was promoted 
by the presence o f M C and LC fatty acids, C12 and C22. On the other hand, growth 
of these nocardial cells was severely inhibited by the presence of a SC fatty acid, C4. 
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18. Foam ratings of foaming and non-foaming mixed liquor were enhanced by both MC 
and LC fatty acids. Little foam was observed for mixed liquor fed with C4. 
19. Overall speaking, sludge settling ability offoaming and non-foaming mixed liquor fed 
with SC, MC or LC fatty acids was good. Foaming sample fed with fatty acid with 
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